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CHAPTER I

INTRODUCTION

1.1 Hiah Performance Orqanic Fibers for
Composite Reinforcement

In recent years there has been conspicuously active research and

development of high performance organic fibers. Organic fibers earn the

title "high performance" by virtue of their excellent axial tensile

properties. Such fibers are distinguished from more common textile

materials by axial tensile moduli and strengths that are an order of

magnitude greater than those of the synthetic textiles. Recent reviews

elucidate the remarkable properties of high performance organic fibers

by direct comparison to the tensile properties of structural metal and

glass fibers [1,2]. The organic fibers match the tensile performance of

metal and glass' fibers when compared on an absolute scale and surpass

the inorganic materials when compared on a weight basis.

Although several high performance organic fibers have been studied

in the laboratory, only graphite and poly (p-phenylene terephthalamide)

(PPTA) fibers have achieved commercial success. Because of their rela-

tively low densities, the major application of these two types of

organic fibers has been the reinforcement of structural composites,

where weight savings is a prime concern. It appears that current re-

search with other organic fibers is aimed at competing with carbon and

PPTA fibers for the lightweight structural composite materials market.



The high performance organic fibers which have been produced to

date can be divided into three classes: graphite fibers, synthetic

rigid polymer fibers, and fibers of chain-extended flexible polymers.

Graphite fibers are currently the most widely used material for

reinforcement of high performance composites because they exhibit the

highest tensile moduli (200-600 GPa) of all the commercial fibers. The

tensile strengths of graphite fibers are in the range of 2-3 GPa, which

compare favorably to those of high performance polymer fibers. The

excellent tensile properties of graphite fibers arise from a structure

that consists of axially oriented graphitic microfibrils that have the

strong and stiff graphite crystal basal plane oriented parallel to the

long axis of the microfibrils [3,4].

The synthetic rigid polymer fibers are represented by only one

commercial material: the PPTA fibers produced by E.I. DuPont de Memours

& Co. under the trade name KevlarR. The commercial development of

synthetic rigid polymers as a whole has been hampered by production

costs and problems with the synthesis of high molecular weight material.

All of the rigid polymer fibers are made of polymers which exhibit

liquid crystalline order in either a solution (lyotropic) or a melt

(thermotropic) state. The inherent chain stiffness of both lyotropic

and thermotropic liquid crystalline polymers is partially due to the

high content of para-substituted aromatic groups in the chain backbone

of these polymers.

Examples of lyotropic liquid crystalline polymers which have been

spun into high performance fibers are: PPTA and poly (p-benzamide)
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(PBA) [5,6], the aromatic polyamide-hydrazides produced by Monsanto Co.

[7] and the aromatic heterocyclic polymers developed through the Air

Force Materials Laboratory Ordered Polymers Program [8]. Thermotropic

liquid crystalline polymer fibers that exhibit high performance proper-

ties have been developed by Eastman Kodak Co. [9], E.I. DuPont de

Nemours & Co. [10], and Celanese Co. [11].

Because of the ability of some rigid-rod polymers to establish

liquid crystalline order, uniaxial orientation of either ordered solu-

tions or ordered melts is easily induced during fiber spinning and main-

tained during subsequent solidification. Therefore, the excellent

tensile properties of rigid-rod polymer fibers result from almost

perfect orientation of stiff polymer chains along the fiber axis.

The "class" of high performance organic fibers of chain-extended

flexible polymers is essentially comprised of one material: highly

oriented polyethylene (PE). This commodity polymer has been transformed

into a high performance material by processes that involve stretching

the coiled polymer chains along one direction to an almost fully ex-

tended conformation. The estimates of the theoretical axial modulus of

a fully-extended PE chain are high [12] and PE fibers and films exhibit-

ing values of tensile modulus that are close to theoretical estimates

have been produced by efficient drawing methods. The two types of draw-

ing processes that have received the most attention are gel-spinning

[13] and solid state deformation [14,15]. PE fibers produced by gel-

spinning techniques have tensile moduli and strengths exceeding 100 GPa

and 2.5 GPa, respectively. Fibers produced by the gel-spinning process
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are about to achieve commercial status [16]. The substantial tensile

properties of high performance PE fibers can be attributed to the

alignment of highly extended polymer chains along the fiber axis.

The production of all high performance organic fibers requires

that the direction of strongest molecular bonding, whether it be within

graphitic planes or along extended polymer chain axes, be aligned paral-

lel to the fiber axis. A consequence of having strong bonds oriented

along the fiber axis is that only weaker molecular bonds, i.e., secon-

dary bonding forces between graphite planes or between extended polymer

chains, are aligned laterally. Therefore, all of the high performance

organic fibers are highly anisotropic materials.

Experience with graphite fiber-reinforced composites shows that

they suffer from low impact strength, susceptibility to catastrophic

failure and poor damping characteristics [17]. Improvements in all of

these properties have been realized with composites reinforced by PPTA

fibers [17]. Indeed, composites reinforced by both graphite and PPTA

fibers (hybrid composites) have been fabricated in order to ameliorate

the problems associated with the brittle nature of graphite fiber com-

posites [17,18].

Polymer fibers have lower tensile moduli than graphite fibers and

many applications of structural composites are oftentimes stiffness-

critical, demanding the highest modulus materials. However, recent

developments with poly (p-phenylene benzobisthiazole) (PBT) fibers have

demonstrated that it is possible to attain tensile moduli exceeding 300

GPa with a polymer fiber [19].
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A critical problem with polymer fibers, which limits their use in

composites, is their relatively poor axial compressive strength. Kevlar

fiber-reinforced composites exhibit longitudinal compressive strengths

that are only 20% of their longitudinal tensile strengths [17]. A

recent study with PBT fibers indicates that these polymer fibers also

suffer from a weakness in axial compression [19]. There are few studies

of the compressive characteristics of high performance polymer fibers in

the open literature. Consequently, there is no clear explanation of the

mechanism(s) of compressive failure, and the problem of limited axial

compressive strengths of polymer fibers remains, at present, unsolved.

In this dissertation, the axial compressive behavior of several

high performance fibers is investigated with the intent of elucidating

the failure mechanism(s) that lead to compressive strengths which fall

short of "high performance."

1.2 Dissertation Overview

The goals of this study are: to investigate the mode(s) of fail-

ure of high performance polymer fibers under axial compression; to pro-

pose a mechanism(s) for failure under axial compression and attempt to

predict the compressive strengths of polymer fibers; and to suggest ways

to improve the compressive characteristics of high performance polymer

fibers.

In Chapter II, the axial compressive behavior of PPTA fibers is

investigated. Techniques for compressing single fibers are introduced
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and the mode of failure is examined by microscopy. Combining the re-

sults obtained here with those reported by other workers provides the

necessary evidence to propose a microbuckling instability mechanism for

compressive failure of PDTA fibers.

Chapter III begins with a review of compressive failure mechanisms

previously proposed for a wide range of materials. By analogy to com-

pressive strength theories for fiber-reinforced composites, an analysis

of the elastic microbuckling of polymer chains and/or microfibrils is

presented. A potential energy balance analysis is used to calculate

critical stresses for the onset of compressive buckling instabilities in

an idealized model of a polymer fiber. These critical stresses are used

as theoretical estimates of the axial compressive strengths of extended-

chain polymer fibers.

The predicted compressive strengths obtained from the microbuckl-

ing analysis are compared to measured fiber compressive strengths in

Chapter IV. Three lyotropic and one thermotropic liquid crystalline

polymer fibers, a gel-spun PE fiber and a graphite fiber are examined.

Chapter V is a discussion of the coupling between axial and shear

stresses and strains in anisotropic polymer fibers. This coupling is

experimentally verified by the observations of fiber axial compressive

failure due to fiber torsion and the linear dependence of fiber torsion-

al rigidity on axial tensile stresses. Consideration of the effects of

axial compressive stresses on the fiber torsional rigidity leads to the

conclusion that an instability occurs at the same compressive stress

6



that is predicted by the microbuckling analysis presented in Chapter

IIl.

In Chapter VI, the formation of helical compressive kink bands in

Kevlar 49 fibers is compared with similar band formation in compressed

wood. The formation of these helical bands is shown to be a consequence

of the particular cylindrically orthotropic symmetry common to these

materials.



CHAPTER II

COMPRESSIVE BEHAVIOR OF POLY (P-PHENYLENE

TEREPHTHALAMIDE) FIBERS

2.1 Background

The well-known Achilles' heel of PPTA fiber-reinforced composites

is their relatively low longitudinal compressive strength [17]. The

ratio of longitudinal tensile to compressive strength of these compos-

ites is approximately 5:1. Compressive stress-strain curves for uni-

directional PPTA fiber composites exhibit elastic-plastic behavior with

yield at approximately 0.3% compressive strain [17].

Attempts to improve the compressive strength of a composite rein-

forced by one particular PPTA fiber, KevlarR 49, via fiber pretensioning

and pretwisting or modification of the fiber-matrix interface and matrix

properties were unsuccessful [20]. Microscopic examination of com-

pressed PPTA fiber-reinforced composites revealed the formation of kink

bands within the fibers [20,21]. It has therefore been proposed that

the compressive strengths of PPTA fiber composites are limited by the

fiber compressive strength [20-22].

The structure of PPTA fibers, especially the Kevlar fibers, has

been the subject of numerous papers [23-35]. Studies have shown that

there is excellent orientation of rigid PPTA chains along the fiber axis

[23,24]. Consequently, fiber tensile moduli that approach theoretical

estimates have been measured [23,25,26].
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X-ray diffraction studies reveal that PPTA fibers are highly

crystalline and exhibit diffraction characteristics that are indicative

of a paracrystalline structure [23,27]. A monoclinic unit cell with the

chain axis parallel to the c-axis and the plane of hydrogen bonding

between chains nearly parallel to the b-axis has been established for

PPTA fibers [23,25].

The b-axis of the unit cell, and therefore the hydrogen-bonded

planes or sheets, is oriented along the radial direction of the fiber.

This organization of the PPTA crystal into a radial sheet structure

gives PPTA fibers a cylindrically orthotropic symmetry [28-30].

The morphology of PPTA fibers at the supramolecular scale has not

been firmly established. The fibers exhibit a periodic transverse

banding with a periodicity of roughly 250 nm [27,28,31,32] that has been

attributed to regular pleats in the radially oriented hydrogen-bonded

sheets [28]. Others have proposed that periodic transfer defect planes,

spaced 200 nm [33,34] or 50 nm [27] apart, are superimposed upon the

pleated sheets. It is believed that these defect planes are formed by

the aggregation of chain ends [27,34].

Both X-ray and electron diffraction studies indicate that there

are axially oriented crystallites in PPTA fibers which are approximately

7 nm wide [23,31]. Fiber etching and degradation studies show that

there may be another structural unit, called a rod-like crystallite,

that is also axially oriented, but nearly 60 nm wide [33,34]. Also, it

has been suggested that PPTA fibers have a fibrillar structure, with

fibrils roughly 600 nm in diameter [27].
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PPTA fibers are inhomogeneous materials due to the existence of a

skin that has been estimated to be 0.1-1.0 pm thick [27,33,34]. Most

evidence shows that the skin does not exhibit periodic transverse band-

ing and is less susceptible to degradation than the fiber core [27,33].

These results suggest that the skin exhibits higher PPTA chain orienta-

tion and a more perfect structure than the core.

The existence of voids in PPTA fibers has been revealed by stain-

ing techniques and scattering measurements [27,35]. The voids appear to

be needle-shaped, with the long axis oriented parallel to the fiber axis

[35]. The total void content in PPTA fibers must be less than 5%, since

the densities of these fibers are typically 95% of the density of the

PPTA crystal unit cell [23,25].

The first attempt to characterize the compressive properties of

PPTA fibers was reported by Greenwood and Rose [22]. By measuring the

geometry of the elastica using Kevlar 49 fibers, they were able to

determine that the fibers apparently yielded at bending strains of about

0.7%. This apparent plasticity corresponded to the formation of kink

bands at oblique angles to the fiber axis on the compressive side of the

bent fiber. Because most polymer matrices have elastic limits in com-

pression greater than 0.7%, it was concluded that the low compressive

strength of Kevlar composites can be attributed to the poor compressive

strength of the fibers and not to either the matrix or the fiber-matrix

interface.

The formation of the kink bands in Kevlar fibers due to compres-

sive strains in bending has been well documented [21,22,36]. Similar
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band formation has also been seen in fibers extracted from axially

compressed unidirectional composites [20,21,37].

The morphology of compressive kink bands in Kevlar fibers has been

investigated using scanning and transmission electron microscopy by Dobb

and co-workers [21]. Fibers were compressed by bending techniques and

by the longitudinal compression of a Kevlar composite to strains well

above the apparent yield point. Some of their results and conclusions

that are pertinent to this dissertation are:

(1) Deviation from elastic behavior with accompanying kink band

formation occurred at approximately 0.5% bending strain in the

elastica test.

(2) Kink bands were observed to unfold under tension, indicating

that the kink band boundary acts like a hinge.

(3) Flexural fatiguing of single fibers at an apparent bending

strain of 2% resulted in a loss in tensile strength of <20%.

(4) The tensile fracture morphology of previously compressed

fibers was a surface plane oriented at 450 to the fiber axis.

(5) The formation of compressive kink bands was apparently unre-

lated to the pleated-sheet structure exhibited by Kevlar

fibers.

Takahashi et al. examined sections of compressively kinked Kevlar

29 fibers by X-ray and electron diffraction and electron microscopy

[37]. They found preferential formation of kink bands oriented at 55'

to the fiber axis on tangential planes, and deformation bands nearly

perpendicular to the fiber axis on radial planes. These authors
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concluded that the pleat angle of the radial hydrogen-bonded sheets

decreases under axial compression.

In this dissertation, techniques for applying uniform axial com-

pressive strains to small diameter fibers are introduced. These tech-

niques require that the fiber be surrounded by a matrix that supports it

against buckling and that transmits uniform axial compressive loads to

the fiber. The axial compression of fibers embedded in matrices has

been used previously to study the compressive fracture and buckling

modes of fine fibers [38-41]. In these studies fiber compression was

induced by: matrix contraction during casting from solution [38], dif-

ferential thermal shrinkage [39,40], compression of a fiber-containing

matrix block parallel to the fiber axis [41], and shrinkage of a matrix

polymerized around the fibers [38].

2.2 Experimental

In this work a new method for applying known and uniform compres-

sive strains to fine filaments is introduced. The technique involves

bonding fibers to one surface of an elastic rectangular beam after ori-

enting them parallel to the beam length. On subjecting the beam with

bonded fibers to three-point bending, tensile and compressive strain

distributions that vary linearly along the length of the beam as shown

in Figure 2.1 are induced. Assuming there is good bonding of the fibers

to the beam, the strain in a fiber at any point along its length should

be equal to the surface strain of the beam at the same location. For

small deflections, the equation for the longitudinal surface strain

12
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Figure 2.1. Longitudinally distributed axial normal
strains in an elastic beam loaded in
three-point bending.
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distribution 6 in a beam bent into a three-point configuration is:

(l - d )6 (2.1)

d = distance along beam length measured from midpoint

L = span length of beam

Em = maximum strain on beam surface (occurs at midpoint)

The axial compressive strain that initiates kink band formation is

determined by locating the region along the bonded fiber length where

kink bands first occur. A schematic diagram of a compressed Kevlar 49

fiber bonded to a beam that had been previously loaded in three-point

bending is shown in Figure 2.2. Because maximum compressive strains

occur at the beam midpoint (i.e., the point of load application) in

three-point bending, the length of fiber in this section of the bar

exhibits kink banding. The kink bands are fainter and occur less

frequently at distances along the fiber away from the midpoint. The

distance d along the fiber from the beam midpoint to the region where

the last fiber kink band is observed is recorded. The axial compressive

strain that initiates kink banding is calculated using (2.1). This

compressive strain is defined as the critical compressive strain Ec.

It is recognized that the strain in the bent beam also varies

through the beam thickness from zero at the neutral axis to a maximum on

the outer surfaces. However, the relative thickness of beam to fiber is

so large (250:1) that the variation in strain across the fiber diameter

can be neglected.
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Filaments of Kevlar 49 (diameter = 12.2 -pm) were separated from a

380 denier yarn. The fibers had no sizing or finish and were used in

all tests without any special pretreatment.

To prepare test specimens, single Kevlar fibers were first aligned

with ends taped to one side of a clear polycarbonate tensile bar which

had been milled down to a uniform cross-section of 1/8 in. x 1/2 in. By

hanging a 0.5 g weight from one end of the fiber, the fiber could be

affixed to the bar under a calculated tensile pre-strain of 0.03%. The

fibers were then bonded to the polycarbonate bar by applying several

layers of a clear acrylic spray (KrylonR Acrylic Spray Coating, Borden,

Inc.). After allowina 24 hours for the coating to dry, the bars with

bonded fibers were loaded in three-point bending in an Instron to a

maximum strain on the beam surface (e m) of 1.0% at the load point.

After loading, the bars were removed from the Instron and the bonded

fibers were examined for kink formation. The advantage of bonding

fibers to a transparent polycarbonate bar with a clear acrylic spray is

that they can be observed in situ with an optical microscope directly

after loading. Also, the shrinkage of the thin acrylic film during

drying (solvent evaporation) is prevented by the relatively thick bar to

which it is bonded.

A matrix shrinkage technique was used to obtain fibers in a com-

pressed state for optical microscopy and scanning electron microscopy

(SEM) studies and tensile tests. Single Kevlar 49 fibers were embedded

in a matrix of nylon-6 (Mn=18,000) by solvent-casting a film of the

nylon around fibers mounted with minimal tension on a glass plate. A
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solution of 10% (w/w) nylon-6 in 88% formic acid gave good quality films

approximately 50 pm thick when cast over a hot plate heated to about

80'C. With solvent evaporation the nylon film shrank, subjecting the

Kevlar fiber to hydrostatic compression.

Observations of cast films containing fibers using an optical

microscope revealed that kink bands only formed in the embedded Kevlar

fiber after the film was separated from the glass plate on which it was

cast. These observations implied that due to an adhesion of the nylon

film to the glass plate, most of the film axial shrinkage occurred only

after it was carefully peeled off the plate. Using ink markers on the

nylon film, it was determined that the nylon matrix shrinkage along the

embedded fiber axis was approximately 3%.

Compressed fibers were removed from the surrounding nylon matrix

by dissolving the matrix with formic acid. Compressed and isolated

fibers were carefully mounted onto cardboard tabs with epoxy and tensile-

tested at an initial gauge length of 50 mm and a crosshead rate of 0.1

cm/min. Each fiber sample was loaded twice: first, to approximately

75% of the anticipated breaking strength and then, after immediate

unloading, to fracture. Samples of compressed fibers before and after

tensile testing were examined using scanning electron microscopy (SEM).

The effect of axial compressive fatigue on the tensile strength of

Kevlar fibers was investigated using a variation of the elastic beam

compression technique. Bonding fibers to the compressive side of a beam

which is then loaded in four-point bending causes the length of fiber

between the two loading points to be subjected to a constant axial

17



compressive strain. This constant strain region in four-point beam

bending is shown schematically in Figure 2.3.

Single filaments of Kevlar 49 were bonded under a known tensile

pre-strain to milled tensile bars as already outlined. However, for

these tests glass-filled polyphenylene oxide/polystyrene blend tensile

bars were used in place of polycarbonate bars in an attempt to avoid

stress cracking of the bar during fatigue bending. Fibers were loaded

in compression between a minimum strain of 0.1% and maximum strain of

0.4%, 0.8% or 1.2% for 1, 10, and 100 cycles. After loading, the fibers

were recovered for SEM observations and tensile testing by soaking the

bars in acetone to dissolve the acrylic film.

Fiber samples were examined using an ETEC Autoscan SEM after coat-
0

ing with a n200A layer of gold in a Polaron E5100 SEM sputter-coating

unit. For tensile tests, all fibers were mounted onto cardboard tabs

with epoxy and tested in an Instron Universal Testing Machine. A small

Zeiss optical microscope with polarizers was used to observe fibers

embedded in nylon-6 films.

2.3 Results

A critical compressive strain of 0.53% (+0.02%) was determined

from beam bending measurements on ten Kevlar 49 fiber samples. This

value of Fc has been corrected for the tensile pre-strain applied to

fibers during mounting onto polycarbonate bars. Some of the bars were

loaded more than once to the 1% maximum strain (c m). After repeated

loadings to this same level of strain, no change was observed in d and
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elastic beam loaded in four-point bending.
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therefore in sc" However, in the length of fiber which exhibited kink

banding, the kink bands appeared to increase in both number and severity

with repeated loadings.

The compressive kink bands appear as black V-shaped bands when

viewed with an optical microscope. An optical micrograph of these kink

bands is shown in Figure 2.4. It should be emphasized that the bonded

fibers were examined after compression in the unloaded state. Because

kink bands were seen in the fiber after unloading the bar, this indi-

cates that slip occurred at the fiber-matrix interface and/or that

permanent deformation occurred in the fiber at the kink boundary.

An axial compressive strength of 0.7 GPa is calculated for Kevlar

49 from the product of cc and the axial compressive modulus. For this

calculation it is assumed that the fiber is linear-elastic to Sc and

that the axial tensile and compressive moduli are identical and equal to

130 GPa. That the moduli are equivalent is demonstrated indirectly by

the measured equivalent tensile and compressive moduli of Kevlar compo-

sites [17] and by the elastica test in which Kevlar fiber conforms to

the loop geometry predicted for linear-elastic materials [22].

The surfaces of Kevlar 49 fibers as-received and after compression

due to shrinkage of a surrounding solvent-cast nylon matrix are shown in

Figure 2.5. After approximately 3% axial compressive strain the fibers

exhibited surface helical kink bands having a pitch angle of 600. Both

left- and right-handed helices were observed, which propagated for

various distances along the fiber axis. These helical bands corresponded

to the V-shaped bands observed for a compressed fiber using optical

20
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Figure 2.4

Optical micrographs of Keviar 49 fiber: (a) before
and (b) after 3% axial compression due to nylon
matrix shrinkage.
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microscopy. At slightly higher compressive strains the bands became

sharper and more numerous, as shown in Figure 2.5c. At this level of

compression there were lateral shifts of fiber segments, similar to slip

bands observed in metals. It also appears that fiber material piled

up at the kink boundaries with no evident change in the surface texture

between the bands. None of the compressed fibers gave any indication of

surface cracking or splitting within the limits of SEM resolution.

Interestingly, the sinale Kevlar fibers could sustain axial compressive

strains of up to 3% without exhibiting the sinusoidal microbuckling

instabilities normally associated with fiber-reinforced composite com-

pressive failure [42].

Fibers recovered from the solvent-cast nylon matrix were in a per-

manently compressed state because kink bands were observed after removal

of the matrix-induced compressive load. The tensile behavior of such

compressed fibers is illustrated in Figure 2.6. The dramatic change in

the shape of the stress-strain curve from that of the as-received Kevlar

49 fiber was seen with initial tensile loading. The fiber extended at a

nearly constant and low stress to approximately 2% elongation. With

further extension there was a large upturn in the curve as the apparent

fiber modulus increased. After removing the tensile load, the fibers

were found to have attained a new gauge length 2.0 + 0.5% qreater than

the initial 50 mm length. SEM micrographs of previously kinked fibers

after the first tensile loadinq are shown in Figure 2.7. These pictures

reveal that the kinks have unfolded, appearing only as stretch marks or

depressions on the fiber surface.
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The tensile stress-strain curve measured upon reloading the

fibers to break is almost indistinguishable from the curve obtained for

as-received fiber (Figure 2.6). The tensile properties of previously

compressed and as-received Kevlar 49 fibers are summarized in Table 2.1.

Surprisingly, the only permanent effect of prior compressive kinking on

the tensile properties is a small loss in tensile strength.

The tensile fracture surface of a previously compressed fiber

loaded in tension to failure is shown in Figure 2.8. The longitudinal

splittina is identical to that observed for as-received fibers also

fractured in tension [33,43]. Examination of the fibers at high magnif-

ications gave no indication that tensile failure initiated from a kinked

region.

Further proof that the recoverable tensile properties of Kevlar

fibers are relatively insensitive to axial compression is the small

measured loss in tensile strength of fibers subjected to compressive

fatigue using the four-point beam bending technique. The tensile

strengths of these fibers listed in Table 2.2 show that even after 100

cycles to 1.2% compressive strain there is only a 10% loss in strength.

Faint helical kink bands were observed only on isolated fibers which had

been compressed to maximum strains of 0.8% and 1.2%.

2.4 Discussion

A 0.5% critical axial compressive strain measured for Kevlar 49 us-

ing the beam bending technique is comparable to strain values calculated

at the apparent yield Doint in the fiber elastica tests. However,
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Table 2.1

Effect of 3% Axial Compressive Strain on
Tensile Properties of Kevlar 49

Tensile Modulus Elongation at Tensile Strength
Fiber History (GPa) Break (%) (GPa)

As-received 125 2.5 3.2

Compressed*
3% 125 2.5 2.7

*Taken from second loading curve (see Figure 2.6). Values represent an

average of eight tests.
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Figure 2.8

SEM micrograph of tensile fracture surface of
previously compressed Kevlar 49 fiber.
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Table 2.2

Effect of Axial Compressive Fatigue on
Tensile Strength of Kevlar 49

Tensile Strength

Maximum Compressive Number of Compression Cycles

Strain (%) 1 10 100

0.4 3.3 3.1 3.2

0.8 3.0 3.1 3.0

1.2 3.3 3.3 2.9

As-received Kevlar 49: 3.3 GPa
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this value for E was determined in the beam bending tests from the

appearance of permanent and therefore visible kink bands in unloaded

fibers. Therefore the value of ec reported here represents an upper

limit for the strain to kink formation. This could partially account

for the discrepancy between 6c and the reported 0.3% compressive yield

point for unidirectional Kevlar 49 composites.

No sinusoidal microbuckling instabilities were observed for the

nylon matrix-compressed single Kevlar filaments with up to 3% axial

strain. This observation implies that the microbuckling theories of

unidirectional composites which can satisfactorily predict the compres-

sive strengths of composites based on isotropic fibers may have no bear-

ing on the compressive strength of Kevlar composites. Moreover, this

would explain the differences found by Rosen and co-workers between

measured Kevlar composite compressive strengths and the predicted

strengths calculated using a fiber microbuckling theory which was modi-

fied to account for fibers having a low shear modulus [20]. Therefore,

the proposal that the low compressive strength of PPTA fiber composites

is due to the limited axial compressive strength of the fibers [20-22]

is supported by the results obtained here for uniform axial compression

of the PPTA fibers.

Although the compressive strength of Kevlar 49 appears poor in

comparison with the strengths of glass and graphite fibers, it is sig-

nificantly better than the compressive yield strengths of most polymers.

For instance, commercial nylons exhibit yield strengths in compression
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of approximately 0.1 GPa compared to 0.7 GPa measured here for Kevlar

49.

A small and nearly constant tensile load is required to unfold the

kink bands of compressed Kevlar 49 fibers. The draw region at this load

persists until the point of extension where all the compression set is

eliminated; i.e., until the kinks unfold completely. Once the kinks

unfold and the fiber segments realign, the initial as-received fiber

modulus can be regained. The large difference in stiffness between

kinked and straightened fibers indicates that the compressive buckling

and kinking occurs throughout the fiber cross-section rather than on the

fiber surface alone. Since there is little evidence of fiber splitting

and loss of tensile properties after the application of as much as 3%

compressive strain or after compressive fatiguing, it seems unlikely

that much chain scission occurs during kink band formation. It is con-

ceivable that the formation of kink bands occurs by bond bending and

rotation, and by chain slippage. Such kink formation may be viewed as

the buckling of microfibrils or of the PPTA chains themselves. Also,

because the kink bands tend to take on a helical shape at the fiber

surface, there may be a propagation of the band from some nucleation or

defect point.

Although the kink bands seem to form almost reversibly, SEM obser-

vations show that there is always some permanent surface damage which

remains after unfolding the kink bands. These residual bands probably

act as defect regions that greatly reduce the fiber compressive strength

and compressive modulus in subsequent loadings.
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Among the results obtained in this study, a few appear to conflict

with the results obtained by Dobb et al. [21]. The degree of structural

damage due to kink band formation in Kevlar 49 is much less than seen by

these other workers. In their study, flexural fatigue of Kevlar 49

fibers was performed at maximum bending strains that were identical to

the ultimate tensile strain of the fiber. Therefore, the significant

loss in tensile strength of Kevlar 49 fibers measured by Dobb et al.

after flexural fatiguing could be attributed to tensile failure during

bending. Furthermore, the tensile fracture of previously compressed

Kevlar along a plane oriented at 450 to the fiber axis observed by these

workers was never seen in this study for fibers broken in tension after

a 3% compressive strain was applied. It would appear that the Kevlar 49

fibers studied by Dobb et al. had been compressed severely enough to

cause massive structural damage within the fiber kink band. Consequent-

ly, it is not surprising that these workers could not find any relation-

ship between the pleated sheet structure of Kevlar fibers and the

formation of kink bands in severely compressed fibers.

The observation of helical bands on the surface of axially com-

pressed Kevlar fibers and the correspondence of these bands to V-shaped

bands observed by optical microscopy in the present study suggests that

the extent of detectable damage within the core of compressively kinked

fibers is minimal. It is reasonable to conclude that the core of the

fiber probably accommodates axial compressive deformation via an in-

crease in the pleat angle of the radially oriented sheets as suggested

by Takahashi et al. [37].
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2.5 Conclusions

A new technique that allows the application of small and known

axial compressive strains to fine fibers was used to determine that kink

bands initiate in Kevlar 49 fibers at approximately 0.5% strain. This

critical fiber compressive strain and corresponding calculated compres-

sive strength of 0.7 GPa are similar to the compressive strains and

stresses in Kevlar 49 fibers at the compressive and flexural yield

points of their composites [17]. Possibly better agreement between

composite data and beam bending measurements of critical compressive

strains could be obtained by examining the bonded fibers in the loaded

or compressed state; i.e., by maintaining the bent configuration of the

beam during microscopic observations of the bonded fiber.

Although the compressive strength of Kevlar 49 fiber appears low

relative to other high performance fibers, it is several times larger

than the compressive strengths of most polymers.

The effect of axial compression on the recoverable tensile proper-

ties of Kevlar 49 fiber was surprisingly small. The axial compressive

failure of the highly anisotropic Kevlar 49 fiber is perceived to be due

to microbuckling of microfibrils or extended PPTA chains with the resul-

tant formation of visible kink bands.
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CHAPTER I I I

AN ELASTIC MICROBUCKLING THEORY TO PREDICT THE AXIAL

COMPRESSIVE STRENGTHS OF EXTENDED-CHAIN POLYMERS

3.1 Background

The mechanisms of material failure under uniaxial compression are

not as easily perceived as are mechanisms for shear and tensile failure.

The sliding of parallel planes of atoms past one another or the separa-

tion of two parallel planes of atoms are conceptually satisfying mech-

anisms for shear and tensile failure, respectively. Indeed, theoretical

predictions of material shear [44] and tensile [45] strengths have been

calculated based on such mechanisms of failure. Material failure under

uniaxial compression has been observed to occur by several modes, most

of which involve shear deformations.

The most common mode of uniaxial compressive failure for isotropic

materials is plastic deformation (slip) or fracture along material

planes oriented at 450 to the load direction. Stress analysis for axial

compressive loading shows that shear stresses within the material are

maximum along these obliquely oriented planes. Therefore, failure under

compression along lines oriented at 45' to the axis of loading is inter-

preted as simple shear failure. This maximum shear stress criterion for

failure requires only that the magnitude of the applied stress reach

some critical value for failure to occur. Therefore, a material which

fails by this mechanism should do so at the same level of compressive

and tensile stress.

34



The mechanism of compressive failure of anisotropic materials

depends on both the material symmetry and the direction of compressive

load application with respect to this symmetry. In some anisotropic

materials there are directions within particular material planes along

which shear deformation occurs most easily. In single crystals these

directions and planes of easy shear deformation are called slip systems.

If the critical shear stress required to fail or plastically deform the

material within a slip system is known, then the compressive stress

which "activates" the slip system can be calculated from:

(3.1)
cosG cosT

where rc = critical (resolved) shear stress

0 = orientation of normal to slip plane w/r compressive load
axis

' = orientation of slip direction w/r compressive load axis

Equation (3.1) is the critical resolved shear stress criterion and, like

the maximum shear stress criterion, it predicts that failure occurs at

the same level of either compressive or tensile load.

A modification of the critical resolved shear stress criterion to

account for the effects of normal .stresses on slip planes leads to pre-

dictions of different compressive and tensile stresses for failure [46].

However, despite the different magnitudes of tensile versus compressive

stresses required to fail the material by shear slip mechanisms, the

appearance of the deformed material, i.e., the slip band, is the same

for each type of load.
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When anisotropic materials are uniaxially compressed along a

direction parallel to planes of easy shear slip, infinitely large com-

pressive stresses are required to cause simple shear failure along these

planes. This prediction is easily verified by considering the magnitude

of the stress calculated using (3.1) as 0 approaches 90°. Under these

conditions a new mechanism of failure must prevail; the most commonly

observed mode is the formation of kink bands.

First described by Orowan [47], kink bands are deformation bands

that result from the cooperative buckling of the planes of easy shear

slip. Such bands form by the rotation of planes of easy shear slip away

from the compression axis with concomitant shear deformation between

these planes. The formation of a kink band by this mechanism is illus-

trated in Figure 3.1. Although kink bands form when compressive loads

are applied parallel to the planes of easy shear slip, this mode of

failure does not operate when tensile stresses are applied along the

same direction. Therefore, the loading of an anisotropic material

parallel to planes of easy shear slip results in different magnitudes of

tensile and compressive strengths as well as different modes of failure

in tension and compression.

Studies of the axial compressive behavior of high performance PPTA

fibers show that the axial compressive strength of these fibers is only

20% of their axial tensile strength [17]. Furthermore, the PPTA fiber

fails in axial tension by lonqitudinal splitting [33,43], but fails in

axial compression by kink band formation [17,20,21,37].

36



III

sli* I
I °
I

II •. direction of

Ii planes of
-. easy shear

slip

Figure 3.1. Schematic of ideal kink band.
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Recognizing that planes of easy shear slip in PPTA fibers must be

parallel to the extended PPTA chain axis, and therefore parallel to the

fiber axis, it appears that kink band formation in axially compressed

PPTA fibers occurs by the mechanism advanced by Orowan.

Orowan proposed the mechanism of kink based formation based on

observations of compressed metal single crystals [47]. Zaukelies demon-

strated that this mechanism applied to the formation of kink bands in

axially compressed oriented nylon, specifically for the compression of

nylon crystal planes of easy shear slip [48]. More recently, kink band

formation by shear slip between crystallographic planes has been pro-

posed for several axially compressed oriented polymers [37,49-52].

Orowan originally proposed the formation of kink bands by buckling

of "lamellae" planes of easy shear slip, emphasizing that these lamellae

planes need not be atomic planes [47]. Kink bands have been observed in

compressed wood [53,54], rock [55], card decks [56], rubber laminates

[57], and fiber-reinforced composites [58-63]. In these anisotropic

materials, kink bands formed after compression parallel to material

planes of easy shear slip that are much larger than atomic scale.

Therefore, it appears that Orowan's theory can be applied to kink band

formation due to shear slippage between buckled planes on several levels

of structural scale.

To develop a theory for predicting the compressive strengths of

materials that fail due to the formation of kink bands, it is necessary

to closely examine the stages of kink band development. In all studies

where these stages were examined, the results showed that there was a
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nucleation of the band in a small region of the compressed material fol-

lowed by kink band propagation with further compression [21,41,47,50,

55-57,59,61-65].

Independent studies of kink band formation in oriented polymers

[65], card decks [56], and rubber laminates [57] where the nucleation

region was closely examined showed that local material buckling preceded

the collapse into a propagating kink band. Indeed, it is remarkable

that the schematic representations of the process of kink band formation

presented in each study are virtually identical. One of these represen-

tations is shown in Figure 3.2.

In this chapter, a theory based on elastic microbuckling instabil-

ities for predicting the axial compressive strengths of extended-chain

polymers is developed. In light of the evidence presented for the

mechanism of kink band formation, it is believed that the critical

compressive stress that initiates local buckling instabilities which

subsequently lead to kink band formation in anisotropic materials is

the compressive strength of these materials. Critical compressive

stresses can be calculated using an energy method for elastic instabil-

ity analysis. A brief description of the energy method is presented in

the following section.

3.2 The Energy Method for Determination
of Elastic Stability

The problem of mechanical stability can be approached using an

energy method that is completely analogous to thermodynamic stability
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criteria for phenomena such as phase transitions. The following discus-

sion of mechanical stability will be limited to static equilibria of

linear-elastic systems.

The stability of a structure subjected to external loads can be

analyzed by assuming modes of deformation and the existence of a func-

tion V called the total potential. This function is defined as the sum

of the internal potential energy U (strain energy) and the potential

energy 0 of the external forces that act on the structure:

V =U + 0 (3.2)

The work done on the structure by the external forces is defined

as a loss in potehtial energy:

S= -W (3.3)

Therefore (3.2) can be written as:

V = U- V (3.4)

For static equilibrium of the structure, the change in the total

potential V with respect to any deformation must be zero:

DV = DU - DW = 0 (3.5)

Only the assumed deformation modes which satisfy (3.5) are allow-

able. Furthermore, the equilibrium condition (3.5) aives discrete or

critical values of external loads that deform the structure into these

allowable modes.

The type of equilibrium (stable, metastable or unstable) for each

deformation mode and critical load can be ascertained from the second

variation of the total potential V. The three types of equilibrium are
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illustrated by the rigid ball analogy shown in Figure 3.3. The critical

loads which result in a loss of stability are obtained in this manner.

To understand this method of determining mechanical stability,

consider the collapse, due to a compressive load, of a rigid bar that is

supported at its base by a linear-elastic hinge. This problem is illus-

trated in Figure 3.4. Under an axial load P the bar should remain ver-

tical. However, if a small perturbation causes the bar to rotate away

from the vertical through a small angle a, a critical value of P exists

which makes the structure unstable to such perturbations.

The total potential of the structure shown in Figure 3.4 is:

V k 2 - PAk (3.6)

2

where the first term on the right side of (3.6) is the strain energy of

the elastic hinge and the second term is the work done by load P through

the distance At. From the geometry of the problem illustrated in

Figure 3.4, it is seen that this distance AP is:

At = M(l-cosa) (3.7)

which, for small a, is approximated by:

At c (3.8)

Substitution of (3.8) into (3.6) yields:

V-kc 2  p•c 2

V- 2  2 (3.9)

The equilibrium of the system is given by:

_V = (k-PZ)a = 0 (3.10)

42



00 >-5 4-)

4-)

4-
0

m 0~

D 0

0. 4-0

tu 1

Cu c ~ 43



hinge •
constant

Figure 3.4. Illustration of stability problem of a
rigid bar supported at its base by an
elastic hinge.
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k
Equation (3.10) is satisfied when a=0 or P = . These two equilibrium

conditions correspond to the cases where the bar remains vertical for

any load P or the bar rotates to any arbitrary angle a at a particular

value of P, respectively. The existence of two equilibrium deformation

modes at the critical load P=k/k is referred to as a bifurcation point.

Analysis of the second variation of the total potential qiven by:

2 (k-PZ) (3.11)

shows that the system becomes metastable when the load reaches the cri-

tical value P cr = k/P,. The metastable condition dictates that all rota-

tions a are energetically equal and therefore, small perturbations of

the bar under load Pcr can result in large rotations, i.e., collapse.

Furthermore, the equilibrium condition corresponding to the bar remain-

ing vertical at any load becomes an unstable equilibrium when P>P ascr

verified by inspection of (3.11).

The steps involved in the energy analysis of elastic stability can

be summarized as follows:

1. Given a structure that is subjected to external forces,
assume probable modes of deformation.

2. Write the total potential function V (3.4) of the system for
the assumed deformation modes.

3. Determine the values of the external loads and the modes of
deformation which satisfy the equilibrium condition (3.5).

4. Establish the type of equilibrium for each loading condition
determined in step 3 from the second variation of V, thereby
determining which are the critical loads that result in loss
of stability.
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In the following sections, a simple mechanical model is introduced

to predict the compressive buckling loads of a single, extended polymer

chain. Analysis of this model leads to a relationship between the

bending riqidity of an extended chain and the force constants for bond

angle deformations. The results for a single chain are then applied to

a collection of such chains that interact through lateral bonding. The

load required to buckle this collection of oriented chains is calculated

as an estimate of the axial compressive strength of high performance

polymer fibers.

3.3 Rigid-Link Elastic-Hinqe Model for a
Single Extended Polymer Chain

The mechanical modelling of chemical bonds between atoms and mole-

cules with springs has been a popular concept (refer to any standard

Physical Chemistry text). Indeed, the calculations of theoretical modu-

li of extended polymer chains involve treating the chain as a series of

elastic springs connected by elastic hinges. One of the first calcula-

tions of axial modulus of lona chain molecules was made by Mark [66],

and since then has been performed by many others for several polymers.

Force constants for the springs and hinges are obtained from infrared

spectroscopy measurements of force constants for bond stretching and

bond angle bending, respectively. For small deflections about equilib-

rium positions, the bonding potential energy profile is assumed to be

parabolic so that forces are proportional to deflections. This assump-

tion of linear springs results in equivalent calculated tensile and

compressive moduli.
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Under compression, a long and stiff oolymer chain can become un-

stable and buckle in a manner similar to the buckling of a long slender

column. Buckling of a chain can occur by bending of bond valence angles

and/or bond rotation (torsion). Even if these deformations were only

slight deviations from equilibrium positions, the summation of them all

along a large section of the chain could result in significant chain

axis curvature. The force constants for each type of deformation pro-

vide a measure of the resistance of an extended chain to buckling and

the total effect could be considered a "bending rigidity" of the chain.

If it is possible to obtain a measure of this bending rigidity, then the

application of classical instability analysis can provide an estimate of

the compressive load required to initiate chain buckling.

As in calculations of theoretical moduli, buckling loads are to be

calculated for static conditions by assuming bond lengths, bond angles,

and force constants remain at their respective equilibrium values. The

actual values of equilibrium bond lengths and angles and the orienta-

tions of bonds with respect to the chain axis differ for each polymer,

and to take these specific geometric factors into consideration is

beyond the scope of this dissertation. It is emphasized that considera-

tion of these factors will improve the predictive power of the model,

but to introduce the concept of elastic buckling instabilities in fully-

extended polymer chains under axial compression the -ollowina simplify-

inq assumptions will be applied to the model. The Dolymer chain con-

sists of p riaid links of equal length P. oriented along the chain axis,
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which are connected by p-I linear-elastic hinges of equal stiffness k.

A representation of the model is shown in Figure 3.5.

In the model, covalent bonds have been replaced with rigid links

for two reasons. First, tabulated values of force constants indicate

that bond stretching constants are at least an order of magnitude great-

er than torsion and bending constants [25,67]. Therefore, most of the

deformation in a compressed and buckled chain is primarily due to bond

angle changes. Second, the axial deformation of a buckled chain is

negligible compared to the displacement due to bending the chain.

Therefore, the contour length of a chain does not change with buckling.

This assumption of "axial rigidity" is also made in the classical analy-

sis of column buckling.

The elastic hinges represent both the bending of valence bond

angles and bond rotation. If bending deflections are small, the hinges

can be considered linear-elastic.

To calculate a critical buckling load for a link-hinge chain hav-

ing p links and p-l hinges using the energy method, it is assumed that

buckling occurs by lateral displacement of the chain from the load axis.

This lateral displacement is defined by values of angular rotation Xi

for each hinge as shown in Figure 3.7.

Next, the total potential V is set equal to the difference between

the sum of strain energies for all the deformed hinges and the work done

by load P through the total axial displacement that results from chain

buckling. The equilibrium of the potential V is determined with respect
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to each hinge rotation; i.e., the equations obtained from ;V are all

tet equal to zero. Therefore, the equilibrium condition yields a system

of p-I linear and homogeneous equations with variables ai and coeffi-

cients that are functions of P, k and Z. The determination of the loads

P which satisfy the equilibriun condition is an eigenvalue problem with

p-I degrees of freedom. The p-I eigenvalues of P obtained from the non-

trivial solution of the D-l linear and homogeneous equations are the

compressive loads that cause buckling. The minimum positive eigenvalue

is the critical bucklina load Pcr" An example of the application of the

energy method to the buckling of a chain with four links is given in

Appendix I.

The calculated critical loads for any value of p are all of the

form:

(c Ap(k) (3.12)Pcr

where the coefficient Ap is a function of p only. Values of Ap for p

ranging from 2 to 7 are given in Table 3.1. These results show that the

critical buckling load decreases with increasing chain length.

In performing the calculation of critical loads by energy analysis

of each hinge, it becomes evident that the computation difficulty in-

creases rapidly with increasing model chain size. In other words, for a

chain with p links the determinant of a (p-l)x(p-l) matrix must be

found, and after setting this determinant equal to zero the roots of the

resulting (p-l)th order polynomial must be determined. So that the

buckling analysis may be applied to polymer chains where p is very
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Table 3.1

Comparison of Critical Buckling Loads of Link-Hinge Chains
Calculated From Exact Analysis and From Approximate Formula

Ap

SAp (7r) 2 (r/p ) 2
p _p

2 2 2.4674 0.811
3 1 1.0966 0.912
4 0.5858 0.6169 0.950
5 0.3820 0.3948 0.968
6 0.2680 0.2742 .0.977
7 0.1981 0.2014 0.983

pexact = Ak

papprox (.I2 kcr
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large, a single approximate relationship between the critical buckling

load and the values p, k, and Z is derived in the next section.

3.4 Approximate Buckling Load Formula
For Long Link-Hinge Chains

Intuitively, it appears that the buckled shape of a long link-

hinge chain (p large) should be similar to the shape of a buckled elas-

tic column of the same length and with the same end restraints. This

analogy is illustrated in Figure 3.6.

Timoshenko and Gere [68] have shown that the strain energy of a

buckled slender column (Figure 3.6a) is given by:

(d)2 d
U= EIfL dx (3.13)0o dx2

where El is the bending rigidity of the column and v=v(•x) is the curve

describing the lateral displacement (deformation) of the buckled column.

The work due to load P acting through the axial displacement that

results from buckling is:

W = PAz : .•- a2dx (.3.14)
0

In classical buckling instability analysis of a slender column

with pinned ends, the deformation pattern due to buckling is a sine wave

that is described by:

v(x) = B sin("-) (-3.15)
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Substitution of (3.15) into (3.13) and (3.141 yields:

EI'rr4 B2  (.3.16)
4L 3

W 2B2 (3.17)

4L

The variation of these quantities with respect to the assumed deforma-

tion mode (3.15) is simply the variation taken with respect to B, the

amplitude of the sine wave that describes that lateral deflection of the

buckled column:

DU- EI 4B @B (3.18)

2L
3

pr 2 B
V L T 3B (3.19)

At equilibrium:

(VETr4  p rr2V (E= )B O. (3.20)• -2-•3 2L

which is satisfied when either B=O (no buckling) or when the load

reaches the value:

2E
Pcr - L2 (.3.21)

Equation (3.21) is the well-known Euler formula for the buckling

load of a slender column with pinned ends. It is readily verified from

the second variation of V that this load P cr results in a metastable
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equilibrium for any deflection, i.e., any value B. Furthermore, loads

greater than the value given by (3.21) result in unstable equilibrium if

the column remains undeflected (B=O).

The analogy between buckling of slender columns and buckling of

long link-hinge chains is made by assuming that the shape (deformation)

of the buckled chain approaches that of the buckled column as the number

of chain links p increases. The shape of the buckled chain is described

by the angles ci = a(xi) that are defined with respect to the coordinate

system depicted in Figure 3.7.

Referring to Figure 3.7b, it is seen that the strain energy of

bending at hinge i is:

U kaii 2 (3.22)

The strain energy for the whole link-hinge chain is:

p-I k P-1 2
U = i U= 2 (oti-ai-l) (3.23)

i=l "=l

The axial displacement due to bending at hinge i is:

A9i = 2(I-cosai) (3.24)

which, for small ai, becomes:

2

Azi - (--) (3.25)

Therefore, the total axial displacement due to buckling is:

A = 1 - . (3.26)
i=l i 2 i=l
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The work due to load P acting through this total displacement is:

W =PAl i2 (3.27)

2 . i

From examination of Figure 3.7b it is clear that:

tcosai = Axi (3.28)

which, for small ai' becomes:

2. Axi (3.29)

If (3.23) is multiplied by (2/2), the result is:

U 2 k 1 2p-
W y) i- pl i--l) 27 ~ •-i-1•(.0

i=l i=

and substitution of (3.29) yields:

k (3.31)

i~l

Similarly substitution of (3.29) into (3.27) yields:
pl

WiAxi (3.32)

Recalling the definition of a Riemann integral:

n b
lim I f(wi)Ax = f(x)dx (3.33)
n-*w i=l

where w i is any point in the subinterval [xi 1l,xi], then in the limit of

an infinite number of links p, equations (3.31) and (3.32) converge to

the following definite integrals:
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U 29 J (ci-i-l)dx (3.34)

WL = 2dx (3.35)

2 jo 1
W=•- 0

It is verified from inspection of Figures 3.6 and 3.7 that any

analytical expression v(x) that defines the shape of the buckled link-

hinge chain must be related to the quantities ci=a(xi). Therefore, in

the limit of p-ý-, the terms in (3.34) and (3.35) that are functions of

a i can be replaced by functions of v(x). The details of the derivation

of the relationship between the analytical function v(x) and the angular

deformations ai.=c(xi) are presented in Appendix II. The results show

that in the limit of p--, the first and second derivatives of v(x) are:

d =v ai (3.36)
xi

d2v = j• -tj- (3.37)

dxi

Substitution of (3.37) into (3.34) yields:

U k (d-2.)dx (3.38)
0dx-

which, after substitution of (3.15), gives:

U = k9.w4 B2 (3.39)
4L

3
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Substitution of (3.36) into (3.35) yields:

W = E L (dv) 2 dx (3.40)

which, after substitution of (3.15), gives:

W = P7T2 B2  (3.41)4L

After taking the variation of strain energy (3.39) and work (3.41) with

respect to the amplitude B of the sine wave that describes the deforma-

tion, the equilibrium condition is given by:

--B k(r4  2 )B = 0 (3.42)
2L3

Equation (3.42) is satisfied when B=O or when:

P - •2 k (3.43)cr L 2

This axial load sets up a metastable equilibrium in the link-hinge

chain, and higher loads cause the undeflected chain (B=O) to become

unstable.

Equation (3.43) gives the approximate value of critical load re-

quired to buckle a long link-hinge chain. This equation is completely

analogous to the formula for the buckling load of a slender column

(3.21). Direct comparison of (3.43) with (3.21) shows that the bending

rigidity of the link-hinge chain is ki. The dimensions of this product

are equivalent to those of column bending rigidity EI, namely

2(force)(length)

The validity of using the approximate equation to predict the cri-

tical buckling load of the link-hinge chain can be demonstrated by
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comparing values of Pcr calculated using (3.43) with the exact values

calculated in Section 3.3 for several values of p. By noting that L=pP.,

where L is the overall chain lenoth, equation (3.43) can be modified to

give:

S: (.3.44)
Pcr p

This equation allows a direct comparison between the coefficient (7r/p) 2

and the coefficient A defined in equation (3.12). The values of these
p

coefficients are given in Table 3.1. Clearly the agreement is very good

even for chains of only seven links.

The derived approximate formula (3.43) is significant because it

allows calculation of critical buckling loads for a polymer chain (given

the imposed assumptions) from bond bending and torsion force constants,

bond lengths, and total chain length. It also demonstrates that the

bending rigidity of such a chain is a function of the resistance to bond

angle deformation and the length of the bonds along the chain axis.

Inspection of (.3.43) will reveal that the buckling loads diminish

rapidly with chain length. This result, which neglects the effects of

interchain interaction, predicts extremely low compressive strengths for

polymer chains of only average molecular weight. As an example, the

compressive strength of PPTA fibers will be calculated using (3.43).

Because a buckled chain can only support a load which is equal to

the critical load, the load required to buckle a collection of non-

interacting chains, regardless whether the chains buckle one at a time

or all at the same instant, is simply the sum of the buckling loads for
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each chain. Therefore, the critical stress for buckling a single chain

is equal to the buckling stress for any collection of laterally non-

interacting chains. A stress calculated in this manner can be used as

an estimate of the compressive strength of a fiber having relatively

poor lateral strength and stiffness.

Typical force constants for bond angle bending are k=0.5xlO" 18

00

J-rad-l [67]. Most covalent bond lengths are approximately lA. The

average length of a PPTA molecule is 2100A [33,34] and the cross-

sectional area per chain in the unit cell is 20.24A2 [25]. Using

(3.43), a critical stress of only 0.06 MPa is calculated. This estimate

is compared to the measured compressive strength of 700 MPa (Chapter 2).

Clearly, in order to predict the compressive strength of a fiber com-

posed of highly oriented and fully extended chains, interchain interac-

tions must be considered.

3.5 Buckling of Laterally Interacting Link-Hinge Chains:
Predictions of High Performance

Fiber Compressive Strength

The lateral interactions between linear polymer chains in high

performance fibers are usually secondary bonding forces. For small

deviations away from equilibrium separation, these lateral bonds can be

adequately modelled with linear springs. Therefore, when a polymer

chain is subjected to an axial compressive load, its tendency to buckle

and deflect laterally will be opposed by forces which are approximately

proportional to the magnitudes of the lateral displacements.
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A collection of fully extended and well-oriented chains that in-

teract as just described can be treated as elastic columns supported by

a linear-elastic foundation. The elastic foundation is a hypothetical

matrix that has a stiffness that is the sum of the interactions of all

the individual lateral bonds. The application of the energy method for

determining the buckling loads for elastically supported columns has

been reported by Timoshenko and Gere [68]. Their analysis was applied

to a single column supported on only one side by an elastic foundation.

The extension of this analysis to the buckling of a collection of

columns on a foundation has been reported by several investigators as a

prediction of the axial compressive strength of unidirectional fiber-

reinforced composites [42,69,70]. A similar analysis will be performed

here, following especially the work of Rosen [42], in order to calculate

the compressive buckling loads of a collection of link-hinge chains that

interact laterally. These loads will be used as theoretical estimates

of the axial compressive strengths of high performance polymer fibers.

An element of the collection of link-hinge chains which is to be

analyzed for compressive buckling instabilities is shown in Figure 3.8.

This lattice of perfectly oriented link-hinge chains, all of length L,

is assumed to extend over large lateral distances.

To determine, using the energy method, the loads that initiate

buckling instabilities in the collection of chains, probable modes of

buckling must first be assumed. The shape of each buckled chain can be

described by a series of trigonometric functions which are all periodic

over length L. For simplicity it is assumed that the buckled shape of
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each chain has the same wavelength. Therefore, the only difference

between neighboring chains is a phase mismatch. The two extreme cases

considered here are when the chains buckle completely in or out of phase

as shown in Figure 3.9. These configurations were called extension and

shear mode buckling by Rosen because of the nature of deformation in the

foundation.

The total potential for the assumed buckling modes is:

V = U1 + U2 - W (3.46)

where U1 is the strain energy of the buckled chains and U2 is the addi-

tional strain energy of the deformed elastic foundation. The equilibri-

um condition for this problem is:

3V = DU + aU2 - =W = 0 (3.47)

The quantities U1 and W for a single buckled link-hinge chain have

been defined earlier (see (3.38) and (3.40)). The equations for the

strain energy of the foundation must be derived for each of the two

buckling modes. The details of this procedure and the calculation of

the critical buckling loads for extension and shear mode buckling are

presented in Appendix III. The energy balance is applied to a single

chain in the collection, and therefore the calculated critical buckling

loads are the loads required to buckle one chain. Because the chain

packing within the collection is assumed to be symmetrical and homo-

geneous, the critical stress for single chain buckling is equal to the

critical stress to buckle the whole collection.

The critical stresses for extension mode e and shear mode acrs
crbuckling are given by:
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P P

P P

Extension Mode Shear Mode

Figure 3.9. Deformations with extension and shear mode
buckling of a collection of link-hinge chains.
(Adapted from [42])
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,er = A (3.48)

aS G (-3.49)'cr

where:

E t = transverse Young's modulus

A = cross-sectional area per chain

G = longitudinal shear modulus

The values E t and G are the appropriate elastic constants of the polymer

fiber.

These compressive strength predictions are similar to those

obtained by Rosen, except for the omission of a "volume fraction" term

that is meaningless in the present analysis. The predicted compressive

strength of a high performance polymer is the lower value of the

strengths given by (.3.48) and (3.49).

For the particular case of shear mode buckling, the result (3.49)

was obtained by neglecting the bending strain energy of the buckled

chain. This condition is valid for long link-hinge chains. Therefore,

any assumed buckling pattern that involves only shear deformations of

the elastic foundation (i.e., any "i.n-phase" or cooperative buckling

mode) will give the same result for the buckling stress. Examples of

several buckling patterns for the collection of long link-hinge chains,

which all require a compressive stress equal to the foundation shear

modulus to initiate buckling, are illustrated in Figure 3.10. Compari-

son of these buckling patterns, especially Figure 3.10c, with those

observed in the nucleation region of a kink band (Figure 3.2) clearly
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shows the resemblance between experimentally observed deformations and

those assumed for shear mode buckling analysis.

3.6 Summary

The use of a rigid link-elastic hinge chain to model the axial

compressive behavior of extended polymer molecules permits the calcula-

tion of a bending rigidity for single chains. This bending rigidity is

the resistance of a polymer chain to bending and buckling, and has been

shown to be proportional to valence bond bending and bond torsion force

constants. The model can be used to calculate single chain buckling.

loads for isolated or weakly interacting chains such as in polymer

solutions and melts. An example calculation for a PPTA chain gave an

estimated buckling stress of only 0.06 MPa. Flow fields which lead to

compression or bending of the polymer chains may result in flow insta-

bilities or even chain scission as a result of severe bending.

The'compressive stress required to initiate buckling instabilities

in a collection of laterally interacting link-hinge chains was calcu-

lated as an estimate of the axial compressive strength of high perfor-

mance polymer fibers. For the case of shear mode buckling, i.e.,

cooperative buckling of the chains, the compressive strength is pre-

dicted to be equal to the longitudinal shear modulus of the fiber.

Examination of several shear mode buckling patterns, all of which

require a compressive stress equal to the shear modulus to initiate

buckling, showed that this mode of buckling closely resembles the buckl-

ing deformation observed for nucleating kink bands [56,57,65].
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The analysis presented herein was for the buckling of a collection

of polymer chains. The prediction of compressive strength for shear

mode buckling was obtained after assuming the support given by the

chains against buckling (i.e., the chain bending strain energy) was

negligible when compared to the support given by the elastic foundation.

This assumption is valid for long chains and it dictates that only the

longitudinal shear modulus--and therefore only the lateral interactions

between chains, and not the inherent bending rigidity of chains--

supports the collection of such chains against buckling. It is easily

demonstrated that this prediction also applies to the buckling of long

and slender microfibrils, because the buckling load for any single

column, chain or microfibril diminishes with the square of the length.

Therefore, the analysis of shear mode buckling of a collection of long,

slender and rigid microfibrils predicts initiation of buckling at a

compressive stress equal to the shear modulus of the "interface" between

microfibrils.

The comparison of compressive strengths predicted by the analysis

of this simple model with experimentally determined axial compressive

strengths of high performance polymer fibers is presented in the fol-

lowing chapter.
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CHAPTER IV

THEORETICAL AND MEASURED AXIAL COMPRESSIVE STRENGTHS

OF HIGH PERFORMANCE POLYMER FIBERS

4.1 Introduction

The axial compressive load that initiates elastic microbuckling

instabilities for laterally interacting extended polymer chains was cal-

culated in Chapter 3, using a simple model for the chains, as an esti-

mate of the axial' compressive strength of high performance polymer

fibers. Assuming that the degree of interchain interaction can be

characterized by the transverse tensile and longitudinal shear moduli of

the polymer fiber, the following two equations for critical buckling

stresses for a collection of chains were obtained:

4 t A (4.1)
'cr A

so G (4.2)

cr

where Et = transverse Young's modulus

G = longitudinal shear modulus

A = cross-sectional area of chain

k = force constant for bending or torsion of bonds in back-
bone of chain

S= covalent bond length in chain backbone

The two calculated critical stresses are for extension mode (uncoopera-

tive) buckling os and shear mode (cooperative) buckling as (see Figure
cr - cr
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3.9). The lower of these two calculated stresses is the theoretical

estimate of axial compressive strength for any particular fiber.

The validity of these theoretical estimates was examined in this

study by measuring the compressive strengths of six high performance

fibers.

4.2 Experimental

Of the six fibers examined, three are spun from anisotropic solu-

tions of lyotropic liquid crystalline polymers by the dry jet-wet spin-

ning process [5]. These include poly(p-phenylene terephthalamide)

(PPTA), poly(p-phenylene benzobisthiazole) (PBT), and poly(2,5-benzox-

azole) (ABPBO). All three fibers were tension heat-treated after

spinning to improve orientation and thereby increase axial modulus.

KevlarR 49 was the PPTA fiber selected for this study.

A fiber that is melt-spun from an anisotropic melt of a thermo-

tropic liquid crystalline polymer was also examined. This fiber is a

nematic thermotropic polyester (NTP) produced by Celanese Co., and it

was also subjected to tension heat-treatment after spinning. The chemi-

cal structures of all four liquid crystalline polymers are shown in

Figure 4.1.

A high modulus/high strength polyethylene (PE) fiber produced by

the gel-spinning process [13] was obtained from the Allied Co.

The sixth type of fiber examined is a high-modulus graphite fiber

(Union Carbide P-75) that is spun from mesophase pitch. This fiber is

stretched during the graphitization process to improve orientation and
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poly (p-phenylene terephthalamide) (PPTA)

poly (p-phenylene benzobisthiazole) (PBT)

poly (2,5-benzoxazole) (ABPBO)

nematic thermotropic polyester (NTP)

0

Figure 4.1. Chemical structures of liquid-crystalline
polymer fibers.
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therefore axial modulus [3,4]. The graphite fiber is included in this

study of fiber axial compressive strengths because these fibers gener-

ally exhibit a structure of axially oriented microfibrillar graphite

ribbons that have the crystalline graphite basal plane oriented parallel

to the long axis of the ribbons. In terms of the model proposed for

extended chain polymers, the graphite fiber structure can be modelled

with laterally interacting extended graphite sheets that may buckle

under compression.

The reasons for selecting one particular graphite fiber are two-

fold. First, studies of the compressive behavior of graphite fibers

show that buckling or kinking occurs only in compressed fibers that have

a well-developed and well-oriented graphitic structure [41,71]. These

fibers are produced by heat-treatment to 2800'C and they typically

exhibit the highest tensile moduli of all graphite fibers. Second, the

P-75 fibers appear to have a well-developed radial structure; i.e., the

graphite basal planes are oriented predominantly parallel to fiber radii

(.see Figure 4.2). Therefore, the shear modulus for deformation between

graphite basal planes should be nearly equal to the torsion modulus for

such fibers. This shear modulus is the estimate of axial compressive

strength for graphite fibers that fail due to the shear mode buckling of

extended graphite sheets (.4.2).

The diameter of fiber samples was measured at several locations

along each sample length. The cross-sections of all fibers, except PE,

were circular. Therefore, with the exception of PE, all diameters were

measured using a laser diffraction technique [72] that yielded values
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Figure 4.2

SEM micrograph of tensile fracture surface of
P-75 graphite fiber.
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with a precision of approximately +2%. The diameters obtained from

measurements of the laser diffraction pattern are calculated using

equations derived for a perfectly reflecting fiber. For some fibers,

notably the fine-diameter PPTA, PBT, and ABPBO fibers, the sharpness of

the diffraction pattern was enhanced after making the fibers less trans-

parent by coating the samples with a negligibly thin (250A) layer of

gold using a Polaron sputter coating apparatus. The enhanced diffrac-

tion pattern improved the precision of diameter measurements for these

three fibers without altering the mean value of diameters measured

before and after gold coating. The thin layer of gold on the fiber

surface had no measurable effect on the mechanical properties of the

fibers.

The PE fibers had an irregular cross-section that varied signifi-

cantly along sample lengths. The area and shape of each PE fiber sample

was determined, after testing, at several locations along the length by

embedding the fiber in microtome resin and cutting transverse sections

that were subsequently examined using light microscopy. Micrographs of

sections cut from locations approximately 2mm apart along the fiber

length were used to determine the cross-sectional area of the fiber by a

paper-weighing technique. The scale factor for area calibration was

obtained from a micrograph of a stage micrometer taken at the same

magnification as the fiber cross-section micrographs.

Fibers were mounted onto cardboard tabs with epoxy for mechanical

tests [19]. Tensile tests were performed on samples with gage lengths
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ranging from 2-8 cm to correct for machine compliance effects [43].

Tensile properties of PE and graphite fibers were obtained from manu-

facturers.

The'torsion modulus of the fibers was measured using a free tor-

sion pendulum [19,74] (see Figure 4.3). The equation for calculating

the torsion modulus from measurements of underdamped torsional oscilla-

tions of a fiber with circular cross-section is given by:

G- d k 2 + .(n A)2

7T2 [74 16

where Id = moment of inertia of disc pendulum

k = sample length

T = period of oscillation

r = fiber radius

9n A = logarithmic decrement of amplitude

Torsion pendulum tests were performed at ambient conditions, and

damping was noticeable for every fiber tested. However, all values of A

were found to be >0.5 and therefore, as readily verified from (4.3), the

damping had negligible effect on calculated torsion modulus values.

Therefore, the torsion modulus was accurately determined using the

approximation:

8,F IdP
G 2 (4.4)

Tr

Fiber samples 2 cm long were set into torsional oscillation by

twisting the disc pendulum manually and then carefully releasing the

pendulum. This initial twist never exceeded a fiber surface shear
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disk pendulum

Figure 4.3. Schematic of torsion pendulum apparatus.
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strain of 0.5%. The period of oscillation was measured by timing the

motion of a mark on the disc pendulum relative to a marked position on a

stationary platform placed just beneath the oscillating pendulum.

Two clamp-type aluminum gear blanks were used as disc pendulums.

The polar moments of inertia of the two gear blanks were calculated to

2.be 50.3 and 354 g-mm using dimensions measured with a micrometer (accur-

ate to 1 lJm) and weights measured with an analytical balance. The

accuracy of these measurements was checked by using them to calculate

densities for aluminum of 2.712 g/cc and 2.717 g/cc, which are in excel-

lent agreement with the actual density of 2.699 g/cc. The large pendu-

lum was used for the PE fiber tests and the small one for all other

fiber tests.

The fiber axial compressive strengths were calculated from the

product of the compressive strain to kink band formation and the axial

tensile modulus. This calculation is based on the assumptions that the

fiber is linear-elastic up through the compressive strain for initiation

of kink bands and that the axial tensile and compressive moduli are

identical. The critical compressive strains to kink band formation were

measured using the beam bending technique described in Chapter 2. How-

ever, in the tests performed here, fibers bonded to the surface of thick

transparent elastic beams were compressed by bending the beam in a

cantilever configuration. Cantilever beam bending sets up a linear dis-

tribution of longitudinal compressive (and tensile) strains along the

beam length as shown in Fiaure 4.4.
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Figure 4.4. Longitudinally distributed axial normal
strains in an elastic beam loaded in
cantilever bending.
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Fibers were examined in the compressed state by holding the beam

in the bent configuration during optical microscopic observations. A

schematic of a simple rig built for this purpose, which sits on the

stage of the optical microscope, is shown in Figure 4.5.

Fibers were mounted under slight tension (O.5g) onto the surface

of 1/2 in. x 1/4 in. x " 6 in. LuciteR beams, parallel to the length of

the beams, by applying several coats of KrylonR Acrylic Spray. Fibers

were tested after allowing the acrylic coating to dry to a hard film.

It is emphasized that any shrinkage of the film during drying, which

might put residual compressive stresses on the bonded fibers, is pre-

vented by using only a thin acrylic coating on a relatively thick beam.

After a beam containing bonded fibers was clamped in the rig as

shown in Figure 4.5, a circular wedge was inserted between the beam and

the base plate of the rig to deflect the beam. Bonded, compressed

fibers were examined in situ using a transmission light microscope.

After insertion of a wedge of known diameter v to a distance L measured

from the clamped end of the beam, the distance d from the clamped end of

the beam to the point along the compressed fiber length where the last

kink band was seen was recorded. The compressive strain in the fiber

at any point x measured from the clamped end is assumed to be equal to

the surface strain E(x) of the bent beam at the same location. This

strain is calculated from:

F(x) = 3t_ (1 _-L (4.5)• 2L2D

where t is the thickness of the beam.
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The critical compressive strain Ec for kink band formation is

obtained by substituting x=d into (4.5).

The compressive strain distribution in the fiber could be changed

either by using a larger diameter wedge or by moving the wedge closer to

the clamped end of the beam (i.e., reduce L). In this manner previously

undamaged (unkinked) regions of the bonded fiber could be tested to

determine £c* Thus, several determinations of 6c were obtained from one

length of fiber. Because the compressive strain to kink band formation

was measured, fibers with irregular cross-section such as the gel-spun

PE could be tested with the same accuracy as fibers having circular

cross-sections.

Equation (4.5) is derived from linear beam theory, which is based

on the assumption of small curvatures for bent beams. Therefore, in all

tests performed here, relatively small diameter wedges (i.e., small beam

deflections) were held at relatively large distances L so that use of

(.4.5) to calculate cc would be valid.

The morphology of compressively kinked fibers was examined using

scanning electron microscopy (SEM) and optical microscopy. Kinked

fibers were prepared for microscopic observations by using the solvent-

cast nylon-6 matrix shrinkage technique for fiber compression described

in Chapter 2. However, the relatively thick PE fibers required a thick-

er film for compression. For these fibers, an approximately Imm thick

layer of DucoR cement was spread over fibers held aligned on a glass

plate. The shrinkage that occurred as the cement dried at room tempera-

ture was sufficient to cause kink band formation in the embedded PE
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fibers. The surfaces of kinked PE fibers were observed by SEM after

dissolving the surrounding Duco cement film with acetone.

Optical microscopic observations of kink band formation at several

levels of compressive strain in a single region along a fiber length

were made using the cantilever beam bending technique. The strain in

one location along a bonded fiber could be increased by simply moving

the wedge closer to the clamped end of the beam.

Tensile tests were performed at strain rates of approximately

5 x lO-4sec-I using an Instron Universal Testing Machine. A polarizing

Zeiss optical microscope was used to examine fibers bonded to bent

beams. The surfaces of fibers before and after compression were exam-

ined using an ETEC Autoscan SEM.

4.3 Results

The range of diameters and the tensile properties measured for

each fiber are listed in Table 4.1. Fibers which were produced in large

quantities, namely, PPTA (Kevlar 49), PBT and graphite, exhibited rela-

tively uniform diameters along sample lengths. The filament-to-filament

variation in diameter for these three fibers was relatively small. The

ABPBO and NTP fibers were produced by laboratory-scale spinning pro-

cesses and were found to exhibit large variations in diameter, both

along the length of one filament and between filaments.

Each type of fiber is one variant of a family which exhibits a

wide range of properties that depend on spinning and post heat-treatment

conditions. The fibers selected for testing in this study exhibited
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Table 4.1

Tensile Properties of Fibers

Diameter Modulus Strength at
Fiber Range (jim) (GPa) Break (GPa)

PPTA 11.4-12.8 123 3.2
+5.7 +0.16

PBT 12.4-13.5 265 2.6
+15 +0.20

ABPBO 13.2-18.1 120 3.0
+10 +0.55

NTP 18.7-26.1 77 3.2

+2.9 +0.64

PE (38)* 117* 2.6*

Graphite 9.7-10.0 500* 2.0*

*Manufacturer's data

+ values are standard deviations.
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some of the best tensile properties attainable for each material.

Although the moduli of these materials cover a range of values, the

tensile strengths are all surprisingly similar. The coefficient of

variation of tensile strengths ranged from 10% to 20%. All fibers,

except PE, exhibited proportional tensile behavior to break. Therefore,

a reasonable estimate of strain at break for these fibers is simply the

ratio of tensile strength to tensile modulus.

A 2 cm length of PE fiber was tensile-tested to a load below

break. This fiber exhibited tensile yield behavior. After testing, the

intact fiber was embedded in resin and sectioned to determine the shape

and area of the cross-section. The profiles of two transverse sections

of this fiber sample taken approximately 1 cm apart are illustrated in

Figure 4.6a. The cross-sectional area was determined to be 1.1 x 10311m 2 .

Assuming the fiber "diameter" supplied by the manufacturer was calcu-

lated using linear density measurements, this hypothetical diameter cor-

responds to a cross-sectional area of 1.13 x 103 Jim2 . Therefore, the

areas calculated from micrographs of transverse fiber sections are in

excellent agreement with manufacturer's data.

Using a machine compliance value obtained from tensile tests of

other fibers under the same test conditions, a tensile modulus of 110

GPa was calculated for the single PE sample tested here. Within experi-

mental error, this value is identical to the tensile modulus of 117 GPa

quoted by the manufacturer. The limit of proportionality (onset of

yielding) occurred at a tensile stress of 170 MPa.
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Values of torsion moduli G, critical compressive strains Ec and

calculated axial compressive strengths for each fiber are given in Table

4.2. Axial compressive strengths of PPTA (Kevlar 49) [17] and PBT [75]

fibers were also obtained from calculations of the stress in each fiber

at the reported yield or failure point measured for axial (0°) compres-

sion-testing of unidirectional composites of these fibers. These values

are also listed in Table 4.2.

The graphite fiber is opaque and therefore could not be measured

for compressive strength using transmission optical microscopy with the

beam bending technique. However, the compressive strengths of similar

pitch-based graphite fibers were calculated by other workers who used

the elastica test to measure the compressive stress that initiated in-

elastic behavior [71] and an axial compression test to measure critical

compressive strains [41]. The compressive strengths calculated in both

studies corresponded to the axial compressive stress in the fiber at the

onset of localized buckling that appeared on the fiber surface as a

deformation band oriented at 900 to the fiber axis. The range of com-

pressive strengths obtained for graphite fiber in these studies is given

in Table 4.2.

It was discovered that axial tensile stresses resulted in an

apparent increase in the torsion modulus that is given by the equation:

G* = aa + G (4.5)

where a is the axial tensile stress, G* is the apparent torsion modulus,

G is the true torsion modulus and a is a constant approximately equal to

0.75. The reasons for and implications of this effect are examined and
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Table 4.2

Torsion Moduli and Compressive Strengths of Fibers

Critical Calculated Composite
Torsion Compressiveb Compressive Compressive

Fiber Modulus (GPa)a Strains (%) Strengths (GPa) Strength (GPa)c

PPTA 1.5 0.50 0.62 0.45e
+0.20 +0.028 +0.063

PBT 1.2 0.10 0.27 0.31 f
+0.14 +0.022 +0.075

ABPBO 0.62 0.18 0.21
+0.07 +0.032 +0.055

NTP 0.45 0.15 0.12
+0.04 +0.008 +0.011

PE 0.7 0.08 0.09
+0.22 +0.017 +0.019

Graphite 5.6 -. 3-2.0d

aCorrected for pendulum weight, except graphite.

bCorrected for tensile prestrain applied during mounting to beams.

CCalculated from a /Vf, where ar = fiber composite 00 compressive

strength, Vf = fiser volume friction of composite.

dFrom references [41,71].
eFrom reference [17].

fFrom reference [75].

+ values are standard deviations.
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discussed in Chapter 5. For the present study it is only necessary to

consider the increase in measured torsion modulus due to the weight of

the disc pendulum. Therefore, the values of the true torsion modulus

for each fiber are given in Table 4.2. For the thinner fibers, this

correction for pendulum weight amounted to as much as 10%.

Only one successful test for the torsion modulus of the extremely

brittle graphite fiber was performed. In addition, the effects of

tension on the torsion modulus of this fiber could not be measured due

to fiber breakage during handling. For these reasons, the torsion

modulus of 5.6 GPa listed in Table 4.2 for the graphite fiber is an

uncorrected (for pendulum weight) value obtained from a single test. It

is encouraging that this value is reasonably close to the value of 4.1

GPa reported for the inter-basal plane shear modulus of a dislocation-

free graphite crystal [76]. The similarity of these shear moduli is

evidence for a radial structure in P-75 graphite fibers.

The largest uncertainty in torsion modulus is for PE fibers,

due to their irregular and varying cross-sections. The profiles of

cross-sections of 4 test specimens (all 2 cm long) are shown in Figure

4.6b-e. The torsional rigidities of these specimens were calculated

assuming that the cross-sectional profiles could be approximated by an

ellipse, rectangle or triangle, whichever most closely fit the particu-

lar cross-section. It should be noted that all 4 specimens were cut

from a single filament approximately 12 cm long and examination of

Figure 4.6b-e clearly shows the variation of the PE fiber cross-section

along the length of this single filament.
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Although the coefficient of variation of the PE fiber torsion

modulus is large, the mean value of 0.7 GPa is in good agreement with

the torsion modulus of 0.6 GPa measured for hot-drawn PE monofilaments

[77]. The PE torsion modulus reported in Table 4.2 has not been cor-

rected for the weight of the disc pendulum because the constant a

in (4.5) that defines the relationship between apparent torsion modulus

and axial stress could not be determined with sufficient accuracy due to

the irregular fiber cross-section. There was a measurable linear in-

crease in torsional rigidity of PE fiber with applied axial tensile

stress, but the weight of even the large disc pendulum should result in

only minimal fiber tensile stress and therefore a negligible apparent

increase in the measured torsion modulus of the relatively thick PE

fibers.

The calculated average cross-sectional area of the sections

depicted in Figure 4.6b-e is 1.4 x 103 am2 . The coefficient of variation

of this value is 10%, which is equivalent to the variation in area along

the lengths of the other fibers. However, this cross-sectional area is

approximately 25% greater than the value calculated from manufacturer's

data. This discrepancy is presumably due to a relatively large inter-

filament variation in cross-sectional area.

The relatively large. uncertainties in compressive strengths that

were calculated from the product of tensile modulus and critical com-

pressive strains arise from the combined errors in these latter two

quantities. However, the range of coefficient of variation for compres-

sive strengths is similar to the range of uncertainty for tensile
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strengths. It is clear from Table 4.2 that the average compressive

strength varies widely among the fibers.

The 0.50% critical compressive strain measured for PPTA using the

cantilever beam technique is slightly lower than the 0.53% strain meas-

ured using the three-point beam technique described in Chapter 2. This

discrepancy can be attributed to the fact that critical compressive

strains are measured in situ (i.e., while under compression) using the

cantilever beam bending technique, whereas with the three-point bending

technique the fiber is viewed after compression. For this reason, the

PPTA axial compressive strength of 0.62 GPa calculated from cantilever

beam measurements is a better estimate of the true strength of the

fiber. However, this value is still larger than that of 0.45 GPa calcu-

lated using composite data [17].

In Chapter 2 it was shown that PPTA (Kevlar 49) fibers form heli-

cal kink bands under axial compression. SEM and optical micrographs of

kink bands in PBT, ABPBO, NTP and PE fibers are shown in Figures 4.7-

4.10. Except for the PE fiber, no kink bands were observed in fibers

prior to compression via beam bending or matrix shrinkage. Few kink

bands were observed in as-received PE fibers, which, in light of the

relative thickness of the fiber and its low critical strain to kink band

formation, probably resulted from fiber bending due to handling.

Kink bands initiate in PBT fibers as thin bands oriented at

approximately 700 to the fiber axis. The arrow in Figure 4.7c points to

an incipient band. At higher levels of compressive strain, the bands

propagate across the fiber diameter and eventually form the thick,
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bulging perpendicular deformation bands seen in Figures 4.7c,d. These

large bands form periodically along the fiber length.

The kink bands in compressed ABPBO fibers shown in Figure 8c,d

bear some resemblance to the helical kink bands observed in PPTA fibers

(see Figures 2.4 and 2.5). Like the PPTA kink bands, the kink bands in

ABPBO are oriented at angles ranging from 500-600 to the fiber axis.

Although the ABPBO compressive kink bands appear to be helical, there is

no propagation of any one helical kink band for any appreciable distance

along the fiber length.

In optical micrographs of compressed NTP fibers (Figure 4.9c),

black deformation bands of various thicknesses are observed to be ori-

ented at approximately 550 to the fiber axis. Where only one band

crosses the fiber diameter, the deformation closely resembles that of an

ideal kink band (Figure 3.1). Where two such bands criss-cross the

fiber diameter, the fiber exhibits bulging that is similar to the dila-

tation in deformation bands in PBT fibers. The surface of compressed

NTP fibers exhibits kink bands oriented at several angles to the fiber

axis (Figure 4.9d). There is no obvious regularity to the spacing of

these bands along the length of NTP fibers.

Compressed PE fibers exhibit both obliquely oriented kink bands

and bands that are oriented at 900 to the fiber axis (Figures 4.10c,d).

In many regions of compressed PE fibers, deformation bands formed at

regular intervals along the fiber length.

A comparison of measured compressive strengths with predicted

critical stresses for elastic instabilities (equations (4.1) and (4.2))
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for all fibers is shown in Table 4.3. The shear mode buckling stress

crs is simply equal to a shear modulus, and it is assumed that the tor-•cr

sion modulus is equal to the longitudinal shear modulus of the "founda-

tion" that supports the chains and/or microfibrils against buckling.

The calculation of the extension mode buckling stress acre is madecr
using values of transverse moduli Et. bond bending and torsion force

constants k, covalent bond lengths Z and cross-sectional areas of chains

A. The values of Et have been reported for Kevlar 49 [78] and oriented

PE [77]. An estimate of 0.5 GPa for the transverse moduli of PBT, ABPBO

and NTP fibers was made based on the similarity of these rigid rod

polymers to PPTA. Covalent bond lengths were assumed to be 1A for every

backbone bond in every chain. Bending force constants of valence angles

are surprisingly similar for many types of bonds, with values near

0.5 x 10-18 J-rad-1 [67]. However, for PE it was assumed that bending

of the chain will occur almost exclusively by torsion away from the

trans conformation. A force constant for this torsion in n-paraffins

was measured to be 0.024 x 1018 J-rad-l [79]. The cross-sectional

areas of PPTA [25], PBT [80], and PE [81] chains were calculated from

unit cell dimensions. An estimate of chain cross-sectional area equal

to 20A2 was made for ABPBO and NTP fibers after considering the values

reported for the other fibers.

No cross-sectional area or bending rigidity kk can be defined for

the graphite ribbons based on the microbuckling model. Therefore, there

is no calculation for the extension mode buckling strength of graphite

fibers presented here. The value of shear mode buckling stress for
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Table 4.3

Predicted and Measured Axial Compressive
Strengths of Fibers

Fiber A(') E (GPa) ae (GPa) as (GPa) ac (GPa)
t cr cr

PPTA 20 0.77 3.9 1.5 0.62 [0.45]

PBT 22 (0.5) 2.9 1.2 0.27 [0.31]

ABPBO (20) (0.5) (3) 0.62 0.21

NTP (20) (0.5) (3) 0.45 0.12

PE 18 0.7 0.9 0.7 0.09

Graphite - - - 4.1-5.6 1.3-2.0

e 4'tEk/A
cr

s Gacr

oc measured compressive strength. Values in brackets calculated
using composite data.

Values in parentheses are estimates.
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graphite is assumed to fall between the basal plane shear modulus of

4.1 GPa for dislocation-free graphite single crystal [76] and the tor-

sion modulus of 5.6 GPa measured for P-75 fiber.

Inspection of Table 4.3 reveals that the shear mode buckling

stress is always lower than the extension mode buckling stress for every

fiber; therefore, the former is a better estimate of the axial compres-

sive strengths of these fibers. All shear mode predictions of compres-

sive strength are larger than measured values, but the ratio of pre-

dicted to measured strengths is nearly identical for all fibers except

PE.

The correlation between shear mode buckling stress estimates

(i.e., torsion moduli) and measured compressive strengths is extremely

good for all fibers except PE. A plot of measured strengths versus

torsion moduli for all fibers, with the exception of PE, is shown in

Figure 4.11. The points for PPTA, PBT, ABPBO and NTP fibers could be

fitted to a straight line with a correlation coefficient r=0.89. If the

compressive strengths of PPTA and PBT fibers calculated from composite

data are used for linear correlation, the goodness of fit improves to a

value r=0.98. The equation that describes this correlation is:

1c = 0.3G (4.6)

It is also evident from Figure 4.11 that the relationship between

shear modulus and axial compressive strengths of graphite fibers can be

described by (4.6).
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The shear mode buckling estimate given by the *torsion modulus of

PE is much higher than the measured compressive strength. The ratio of

measured to predicted strength is only 0.13 for this fiber.

4.4 Discussion

The correlation between axial compressive strengths and torsion

moduli measured for the rigid-rod polymer and graphite fibers supports

the concept of compressive failure due to elastic microbuckling insta-

bilities for these materials.

In Chapter 2 it was shown that deformation due to shear mode (co-

operative) buckling closely resembles the deformation observed in the

nucleation region of a kink band [56,57,65]. Therefore, it is both

reasonable and satisfying to find the shear mode buckling stress the

most appropriate estimate of axial compressive strength. The compres-

sive stress required to initiate shear mode buckling instability in

unidirectional glass fiber-reinforced composites is also the best esti-

mate of compressive strength for these materials [42,69,70].

A linear correlation analysis of compressive strength-torsion

modulus data revealed a remarkably good fit for all fibers except PE.

Indeed, considering the simplicity of the instability analysis, which

does not account for fiber morphology, individual molecular chain archi-

tecture, structural defects and inhomogeneities, it is encouraging that

predictions are within an order of magnitude of measured compressive

strengths. Theoretical predictions of material strengths are typically

two orders of magnitude larger than measured values [82].
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The shear mode buckling stress was assumed to be equal to the

longitudinal shear modulus measured from fiber torsion. For the rigid-

rod polymer and graphite fibers this estimate was too large by approxi-

mately a factor of 3. Possible explanations for this disparity are

considered below.

The single link-hinge chain model was constructed after assuming

many simplifications in the specific architecture of the chain. Parti-

cular values of bending force constants, bond lengths and bond orienta-

tions were ignored. Fortunately, the analysis of a collection of inter-

acting chains showed that the shear mode buckling stress is almost

exclusively a function of the shear modulus of the foundation and that

the resistance to buckling due to the bending rigidity of the chains can

be neglected when the chains are long. As mentioned in Chapter 3, if

another level of structural scale was considered--for instance, long

microfibrils--the buckling stress for a collection of these fibrils

would also be proportional to a shear modulus. In this particular case,

if the fibrils were assumed to be rigid, then the shear mode buckling

stress would be proportional to the shear modulus of the material be-

tween fibrils.

The latdral bonding between chains or microfibrils was modelled

with a continuous foundation that has a shear modulus equal to the tor-

sion modulus of a fiber. If there is anisotropy within the fiber cross-

section, then there may be two longitudinal shear moduli. For such

fibers, buckling will occur via shear deformation between planes of the
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lowest longitudinal shear modulus. Therefore, the estimate of axial

compressive strength is the minimum longitudinal shear modulus of a

fiber.

Kevlar and radial graphite fibers are cylindrically orthotropic

materials and hence exhibit two longitudinal shear moduli: Grz and

Goz. Torsion tests of fibers measure GEz, which is the modulus of

shearing between hydrogen-bonded sheets in Kevlar fibers and between

basal planes in radial graphite fibers and is therefore the lower

longitudinal shear modulus for these fibers. The torsion modulus of

"onionskin" graphite fibers is due to shear deformations within basal

planes and is larger than Grz* It is therefore not surprising that

reported torsion moduli of some graphite fibers [83,84] are greater than

the value of 4.1 GPa determined for shear between dislocation-free

graphite basal planes [76]. It must be emphasized that for fibers which

exhibit anisotropy such that GEz>Grz, the torsion modulus is the wrong

estimate for the shear mode buckling stress of these materials.

It was shown in Chapter 3 that kink bands are formed under axial

compression by nucleation in one local region followed by propagation at

nearly constant compressive stress. Examination of the nucleation pro-

cess by other workers revealed that S-shaped incipient buckling of

planes of easy shear slip occurred prior to material collapse into an

angular kink band [56,57,65]. The theoretical compressive strength was

defined in Chapter 3 as the critical compressive stress required to

initiate elastic instabilities that are believed to be the cause of this

local buckling. Therefore, structural inhomogeneity may lead to
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initiation of local instabilities at compressive loads less than the

value predicted for shear mode buckling of a homogeneous material.

The presence of voids in fibers can be crudely incorporated into

the instability analysis by eliminating the elastic foundation from one

side of the chains or microfibrils that line the void surface. Addi-

tionally, the material at the fiber surface is supported on only one

side. These chains and microfibrils should reach critical buckling

loads at a compressive stress equal to half the minimum longitudinal

shear modulus.

Residual stresses have been shown to exist in graphite [85] and

PBT fibers [19]. Indeed, the stresses generated during drying of PBT

fibers are believed to be the cause of compressive buckling observed in

the dried fibers [19]. Regions of a fiber that are under residual com-

pression will reach critical buckling stresses first. Therefore, prema-

ture nucleation of kink bands can occur in such regions.

Although it is reasonable to assume that residual stresses exist

in all the fibers examined in this study, it is believed that these

stresses have minimal effect on the reduction in axial compressive

strength. Significant residual stress would be revealed by the linear

correlation analysis of compressive strength versus torsion modulus as a

relatively large intercept. The data plotted in Figure 4.8 were fitted

to a straight line which passed close to the origin, and therefore indi-

cate only a small effect of residual stress on compressive strength.

The only other way that large residual stresses could exist and affect
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the compressive strengths of fibers that obeyed the relationship ac=O.3G

would be if the magnitude of residual stress in each fiber was directly

proportional to the torsion modulus. This proportionality is highly

unlikely for five different fibers., However, the presence of even small

residual axial compressive stresses near the surface of these fibers

could explain the initiation of kink bands at the fiber surface.

Small misalignment or curvature of chains and microfibrils should

not affect the compressive stress that initiates elastic instabilities.

However, under axial compression, these misaligned regions would be sub-

jected to shear stresses that could possibly exceed the shear strength

between chains or microfibrils. Argon has proposed that axial compres-

sive strengths of composites are limited by local shear failure along

such planes of misalignment [62]. He believes that shear failure ini-

tiates material collapse into kink band formation. The equation derived

by Argon to predict fiber-reinforced composite compressive strength for

failure by this mechanism is:

Tm (4.7)

where Tm is the interlaminar shear strength and 0 is the angle of mis-

alignment measured with respect to the load axis.

Any high performance fiber will exhibit a distribution of molecu-

lar orientation, and shear failure should occur in the most poorly

aligned regions. Although it is difficult to measure the largest mis-

alignment angle for any fiber it is reasonable to assume, based on

Argon's proposal of shear failure initiation of kink banding, that
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fibers with higher average orientation should have higher compressive

strengths. However, the compressive strength of PBT [19,75] and Kevlar

[17] fibers is relatively insensitive to improvements in average axial

orientation by tension heat-treatment. Therefore, it is unlikely that

shear failure initiates compressive kink band formation in high perfor-

mance fibers.

The gel-spun PE fiber does not obey the relationship detween com-

pressive strength and torsion modulus obtained for the rigid rod polymer

fibers. The analysis of elastic instabilities in high performance

fibers was made for fully extended linear polymers. Insomuch as chain

entanglements are necessary for the attainment of high degrees of PE

chain extension using the gel-spinning process, the existence of such

entanglements in PE fibers may severely limit their compressive

strength.

As mentioned above for the rigid rod polymers, it is necessary to

measure the minimum longitudinal shear modulus to predict compressive

strength. If the PE fibers are anisotropic within their cross-section

or if they contain amorphous regions that exhibit low shear moduli, then

it is conceivable that the torsion modulus is not the best estimate of

compressive strength.

Although it might be argued that a compressive buckling analysis

should not apply to flexible polymer chains, it is emphasized that the

analysis showed that the critical compressive stress for shear mode

buckling is only a function of intermolecular (or interfibrillar) inter-

actions when the chains (or fibrils) are long. Therefore, the buckling
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stress for a collection of laterally interacting and infinitely flexible

extended chains is also equal to the minimum longitudinal shear modulus

of such a collection.

4.5 Conclusions

The axial compressive strength of high performance rigid-rod poly-

mer fibers and certain graphite fibers is limited by the onset of elas-

tic microbuckling instabilities and not by material failure. The best

estimate of compressive strength is given by:

ac = Gmin

where Gmin is the minimum longitudinal shear modulus of a fiber.

A linear correlation analysis of measured compression strengths

and torsion moduli for five different fibers yielded an excellent fit of

data to a straight line given by ac=O. 3 G. Several reasons for this

theoretical overestimate of compressive strength were discussed in

relation to anisotropy and local irregularities that might act as nucle-

ation regions for kink band formation.

The stages of axial compressive failure due to kink band formation

can be summarized as follows:

1. At a critical axial compressive stress equal to the minimum longitu-

dinal shear modulus, there is initiation of local elastic instabil-

ity.

2. Large elastic buckling deformations occur at this critical stress,

which subsequently result in shear failure between the planes of

easy shear slip (i.e., between chains or microfibrils).
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.3. Shear failure eliminates the elastic foundation from one side of

neighboring chains or fibrils, causing them to undergo similar

buckling instability at the same critical compressive stress. As a

result the instability propagates through the fiber.

4. Buckled material collapses to the observed angular kink band due to

severe bending at the kink band boundaries.

The apparent contradiction in this proposed failure mechanism is

that the predicted compressive strength is obtained from elastic insta-

bility analysis, which is not a failure analysis. Thus the compressive

strength is equal to a longitudinal shear modulus and not a shear

strength. In the perfectly oriented fiber there is no shear deformation

due to axial compression until the critical stress for elastic insta-

bility is reached. The large deformations that result from the insta-

bility subsequently lead to true material failure in shear.
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CHAPTER V

COUPLING OF AXIAL NORMAL STRAINS WITH LONGITUDINAL SHEAR

STRAINS IN HIGH PERFORMANCE POLYMER FIBERS

5.1 Background

5.1.1 Finite Strain Tensor for Simple
Shear in Two Dimensions

In this chapter, the coupling of axial normal strains c with

torsion shear strains yzo in anisotropic high performance polymer fibers

is investigated. Torsion of cylindrical fibers sets up a linear distri-

bution of simple shear strains y that range from zero at the fiber

axis to a maximum on the fiber surface. Simple shear deformation in the

ze plane is illustrated in Figure 5.1 as the distortion of an initially

rectangular material element abcd into the parallelogram described by

points abc'd'. The displacement field for this shear deformation is

given by:

UE = kz(5.1)

uz = 0

where ui are the displacements along each of the cylindrical coordinate

axes.

The Lagrangian finite strain tensor is defined as:

lau. +ui +um aumu

'ij } [T i+ + aaa aa"-] (5.2)

where i ,j=o,z.
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Figure 5.1. Simple shear deformation with and without volume
loss.
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The engineering shear strain y is defined with respect to this

strain tensor as:

YzO Z 
2Eze (5.3)

which, after substitution of the displacements (5.1) into (5.2), yields:

aue- k (5.4)
zo- az

It is verified from inspection of Figure 5.1 that k=tanc, which

for small displacements can be approximated by k:a. Therefore, the

shear strain due to small displacements (5.1) becomes:

YzO = 01 (5.5)

Substitution of displacements (5.1) into C5.2) also reveals that

this deformation results in a normal tensile strain along the z-direction

of magnitude:

Fz I k (.5.6)

which for small a can be approximated by:
1 2

Ezz f (5.7)

This axial strain represents the elongation of line ac to a length

ac', which maintains constant height of the element during simple shear.

It is verified from the areas of rectangle abcd and parallelogram abc'd'

shown in Figure 5.1 that this axial elongation is necessary to keep

volume constant during simple shear deformation.

The axial strain 6 is a second-order effect that is neglectedzz

when the shear strain (and therefore ct) is small. For isotropic mater-

ials this approximation is reasonable because only a relatively small
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axial stress (i.e., relative to shear stress T ze is required to produce

this elongation.

However, if a material is anisotropic and possesses a relatively

high axial modulus E zz and low longitudinal shear modulus G ZOI the axial

stress a E e required to maintain constant volume during simple
zz zz zz

shear deformation may be comparable to the shear stress T ZO, Therefore,

when such materials are deformed in simple shear in the absence of axial

stress a zz there should be axial contraction. In other words, there

should be a reduction in the height of the material element.

In the extreme case of no elongation of the element ac during

shear, the deformed material element will appear as the parallelogram

abc"d" shown in Figure 5.1. This parallelogram is formed by simple

rotation of parallel lines ac and bd through an angle a as shown; thus

the lengths ac and bd are equal to ac" and bd". However, this distor-

tion of the rectangular element results in a volume loss, which is

revealed as the reduction in area of rectangle abcd after it is deformed

into parallelogram abc"d". Therefore, there are two competing effects

involved in simple shear deformation. The reduction in height of the

material element in the absence of axial stress cr during simple shear
zz

is resisted by the negative volume change that must accompany this

ýreduction in height.

If the volume changes are not neglected, the reduction in height

of the element abcd after shearing is:

""max [ac-ac(.cosa)] (5.8)
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which, for small angles a, can be approximated by:

2

max = -ac (5.9)

This is the maximum reduction in height of the rectangular element be-

cause it is assumed that elements ac and bd rotate without elongation

during shear deformation.

If the material does indeed resist volume changes, it is reason-

able to expect that the reduction in height of element abcd with shear

will be less than that given by (5.9). This effect may be accounted for

by defining a constant a that can take on values O<a<l and represents

the fraction of the maximum height reduction that occurs during shear.

Therefore, the reduction may be given by:

2
AZ =(a)Akmax =-(a)ac)(W-) (5.10)

which, for small strains, is approximately:

2
At -(a)ac - (5.11)

The value a is independent of a, and is unity when no elongation

of elements ac and bd occurs during shear (i.e., when there is no resis-

tance to volume changes) and is zero when there is no height reduction

(i.e., when there is no volume change) during shear. Shear deformations

that yield a value of O<a<l involve both volume reduction and axial

strain czz"

5.1.2 Torsion of a Solid Cylindrical Rod

Torsion of a solid circular cylinder about its axis imposes simple

shear strain y zo defined by:
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= (5.12)

ze 9,

where p is the angle of twist, r is the radial distance from the cylin-

der axis and Z is the length of the cylinder. Therefore, there is a

linear distribution of shear strain ranging from y=O at the cylinder

axis to a maximum ym=WR/k at the surface of a cylinder of radius R.

(For the remainder of this chapter the symbol y will refer to zO shear

strain unless otherwise noted.)

In the previous section, second-order effects that give rise to

axial contraction during simple shear in two dimensions were discussed.

The consequences of this axial contraction on torsion of a solid cylin-

der may be predicted by considering the cylinder to be composed of many

thin concentric hollow cylinders of radii r. Torsion of these con-

centric cylinders through an angle p results in shear strains which vary

among the cylinders as given by (5.12).

If each hypothetical concentric cylinder were not "bonded" to its

neighbors, each would shorten, with torsion, by an amount given by

(5.11). Therefore, there would be a parabolic distribution of length

reduction for the solid cylinder, which may be calculated from:

A20 ( )2 (5.13)0A((r)

0

where k 0 is the initial length of the solid cylinder and therefore of

every concentric cylinder before twisting. However, if transverse

planes (ro planes) are to remain plane and parallel during torsion, then

the change in length of each concentric cylinder is forced to be
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identical. This restriction is especially true for long cylinders and

it requires that axial normal stresses develop in a twisted solid cylin-

der to maintain each hypothetical concentric cylinder at the same

length.

If there is no external axial load acting on the cylinder during

twisting, then the net axial stress must be zero on transverse planes.

Using this boundary condition, Timoshenko determined the equation for

the axial normal stress distribution in a twisted isotropic solid cylin-

der [86]. With the assumption that shear strain y results in maximum

axial length reduction (i.e., neglecting resistance to volume change so

that at=l in (5.13)), he obtained, in the present notation, the equation:

2 2
r E2 (.r. - - (5.14)

0

where E is Young's Modulus.

Examination of (5.14) shows that there are tensile stresses in the

outer region of the cylinder where r>R/v/2 and compressive stresses in

the central region of the cylinder where r<R/VZ2. This stress distribu-

tion is a consequence of the larger amount of axial contraction that the

outer cylinder region would undergo with shear deformation but is pre-

vented from doing by the inner region.

Timoshenko also calculated the axial contraction with twist of a

solid cylinder to be:

AY, _72 R 2 (5.15)

0

Comparison of (5.15) with (5.13), assuming a=l, reveals that the
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predicted axial contraction of a solid cylinder due to torsion is half

that of a thin-walled hollow cylinder of the same radius R.

The analysis by Timoshenko may be improved upon by accounting for

the resistance to volume change during simple shear deformation, which

was discussed in the previous section. Assuming each hypothetical

cylinder shortens by an amount given by (5.13), equations (5.14) and

(5.15) that describe the axial normal stress distribution and axial con-

traction respectively due to torsion will be modified by simply multi-

plying each by the constant a.

Timoshenko considered the effect of torsion on length changes of

isotropic cylinders and therefore predicted such materials should

shorten with twist. Experimentally it has been shown that solid circu-

lar cylinders of metal [87,88] and rubber [89] actually elongate with

twist. This phenomenon can be explained by rigorous nonlinear elasti-

city theory [90]. One reason for the failure of Timoshenko's two-

dimensional analysis to predict the elongation of isotropic cylinders

with twisting is that it does not consider volume changes.

In comparison, twisting anisotropic cylinders that have a rela-

tively high axial modulus and low longitudinal shear modulus, such as

,textile fibers, results in axial contraction [91]. The application of

nonlinear elasticity theory to such anisotropic materials requires

determination of several material constants that are very difficult to

measure [90]. Therefore, it is often impossible to predict not only the

magnitude but also the direction (elongation or contraction) of axial
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length changes of a solid cylinder with twist using nonlinear elasticity

analysis.

In light of the relatively large axial stresses required to pre-

vent axial contraction due to twisting of materials exhibiting the par-

ticular anisotropy common to textile fibers, it is reasonable to consi-

der Timoshenko's analysis, as modified here, to explain the observed

axial contraction. The empirical constant a was introduced in the pre-

vious section to account for axial contraction that is less than the

maximum predicted by a two-dimensional analysis. The contraction of a

solid cylinder with twisting may also be characterized by a constant a

that is a multiplicative factor for equations (5.14) and (5.15). This

constant is not defined in terms of material constants (stiffness coef-

ficients) and must be determined experimentally. If values of a<l are

obtained from torsion-axial contraction measurements, they may be ex-

plained in terms of the resistance of the material to volume changes due

to length and radius changes during twist. Therefore, the constant a

determined from twisting a solid cylinder might be different from the

value obtained from twisting a hollow cylinder of the same material.

5.1.3 Prediction of Coupling of Axial Normal

Stress with Longitudinal Shear Modulus

An interesting consequence of the axial contraction that occurs

with torsion of certain anisotropic cylinders as discussed in the pre-

vious sections is the effect of a constant axial tensile stress on the

shear stiffness of these materials. The two-dimensional analysis of
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this effect was first published by Foye [92] and will be reproduced here

with some alteration.

Consider a rectangular material element that is subjected to a

constant axial stress Go as shown in Figure 5.2a. If this element is

now deformed in simple shear by a stress T it will contract axially.

Because the stress ao is held constant during shear, it does not elon-

gate the element in the axial direction as the element is distorted.

Therefore, the element contracts axially by an amount calculated from

(5.11) irrespective of the value of co. It is only necessary to consi-

der that the initial height (length ac in (5.11)) of the element in-

creases with increasing o00

Because the element contracts with shear, there is work done by

the material in displacing the stress ao through a distance At as shown

in Figure 5.2b. If the material element depicted in Figure 5.2a is a

square of unit dimensions, then the total work per volume of deforming

this element is:

W =- - oa(l-cosc) (5.16)

where the first term on the right-hand side of (5.16) is the work done

on the element by the applied shear stress and the second term is the

work done by the element due to the axial contraction against the line

of action of the constant stress o.0 (The subscripts zo for shear

stresses and strains and zz for axial normal stresses are to be under-

stood.) The initial work to deform the material when the stress a is0

applied is neglected because the initial state is taken as the deformed

element after application of a0.
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For small shear strains, yt-m and l-cosc = a 2 /2. Therefore (5.16)

becomes:

2
W TY 2y (5.17)

This work due to external loads must be equal to the strain energy

of the deformed element for conservative systems. The material is de-

formed from the initial state shown in Figure 5.2a by shear to the final

state shown in Figure 5.2b. Therefore, the strain energy of this defor-

mation is:

U Gy 2 (5.18)

Equating (5.18) and (5.17) and rearranging yields:

G + aco (5.19)
Y 0

The ratio of shear stress to strain on the left side of this equa-

tion is defined as an apparent shear modulus G*. This modulus is a

measure of resistance of the element under stress a0 to shear deforma-

tion. Substitution of G* into (5.19) yields:

G* = G + au0 (5.20)

which shows that the apparent shear modulus increases linearly with a0.
0A

Foye neglected both the effects of volume changes which are necessary to

give axial contraction with simple shear and the effects of the resis-

tance of the material to such volume changes. Therefore, he obtained a

similar relationship between apparent shear modulus and axial stress,

except that a;zl (maximum axial contraction with shear) in his result.
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The effect predicted by (5.20) is not an increase in the true

shear modulus of a material; rather, it is the apparent increase in

resistance to the particular shear deformation shown in Figure 5.2 due

to the additional work required to effect axial contraction against

axial stress a0 during shear.

The extension of Foye's two-dimensional analysis to the problem of

torsion of a solid cylinder under applied constant axial tensile stress

can be made using a similar strain energy analysis. The initial state

of the cylinder is defined as the cylinder under applied axial stress

a0. Therefore, the analysis for coupling between torsion modulus and a0

need onl'y consider the work and energy changes that are due to twisting.

The energy balance for static equilibrium of a cylinder that is

twisted while subjected to a constant axial tensile stress is!

W1 + W2 = U1 + U2  (5.21)

where: W = work due to torque required to twist cylinder through an
angle ip

W2 = work done by cylinder as it contracts axially against the
applied tensile stress

U1 = shear strain energy due to torsion

U2 = axial normal strain energy due to internal strain distri-
bution

The work W1 is the area under the torque-twist angle curve, which

for linear-elastic deformation is:

= Mt* (5.22)
W1-2

where Mt is the applied torque. Equation (5.22) can be written in terms

of an apparent shear modulus G* that describes the resistance of the
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cylinder to twisting. For a circular cylinder of length ko and radius R

(5.22) may be written as [93]:

W1 - G*TrR4 2
4%o

The work W2 is the product of the applied axial tensile force P0

and the axial contraction due to twisting Ak:

W2 = P0 A (5.24)

In terms of the applied axial stress ao=P0 /iR2 and the axial con-

traction given by (5.15), (5.24) may be written as:

w - 0 (5.25)

where the constant a has been inserted in (5.15) for reasons discussed

earlier.

The shear strain energy associated with torsion of a cylinder of

shear modulus G is [93]:

U GTrR4 p2  (5.26)
1 U -0

For anisotropic cylinders, it is assumed that G=Gzo.

There is additional strain energy U2 due to the internal axial

stresses which arise with twisting. This stress distribution for the

case where a=l was obtained by Timoshenko and is given by (5.14). The

strain energy of the stress distribution may be calculated from:

2 dr (5.27)

1E 2
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Multiplication of (5.14) by the empirical constant a and substitu-

tion of the result in (5.27) yields, after integration:

u a2 Tr 6. 4  (5.28)

0

Collecting all the energy terms (5.23), (5.25), (5.26) and (5.28) and

substituting them into (5.21) gives:

G*TrR4 2  °a0TR4 2 - GTrR4 ýp2 + Ea2 7R66 4  (5.29)
U£ 04U0 4ko 0 96ko

Solving this equation for G* yields:

G* = G + aco + a24 (5.30)
24Z2A

0

Recalling that the maximum shear strain due to torsion of a circular

cylinder is equal to ym=PR/k, (5.30) can be written as:

E 22
G* = G + a 0 + Ym (5.31)

Although anisotropic polymer fibers exhibit tensile moduli E that may be

two orders of magnitude greater than their longitudinal shear moduli G,

the effect of axial tensile stress on apparent torsion modulus of these

materials at small torsion strains can be approximated by:

G* _ G + aco (5.32)

Comparison of (.5.32) with (5.20) reveals that the effect of axial

tensile stress on apparent shear modulus predicted by Foye using a two-

dimensional analysis is identical to the effect of axial tensile stress
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on the apparent torsion modulus of a solid cylinder obtained above. In

both cases the dependence of G* on a0has been modified by the empirical

constant a that was introduced to account for axial contraction that is

less than the maximum predicted value.

Note that both (5.20) and (5.32) only apply to small, elastic

shear strain behavior. Furthermore, it is emphasized that the true

shear modulus G does not change to give the effect predicted by (5.20)

and (5.32). The apparent change in shear modulus results from axial

contraction with shear against an applied constant tensile stress. This

.effect is not expected for materials that do not contract axially with

shear.

5.2 Experimental

The coupling of axial normal strains with torsional shear strains

was investigated for five high performance polymer fibers and a glass

fiber. The polymer fibers include poly(p-phenylene terephthalamide)

(PPTA), poly(p-phenylene benzobisthiazole) (PBT), poly(2,5-benzoxazole)

(ABPBO), a nematic thermnotropic polyester (NTP) fiber and a gel-spun

polyethylene (PE) fiber. A K-glass fiber was tested for comparison of

this isotropic material with the highly anisotropic polymer fibers. The

chemical structures, tensile and compressive properties and torsion

moduli of the polymer fibers are found in Chapter 4 of this disserta-

tion.

In the foregoing discussion of the relationship between torsion

shear strain y and axial normal strain c, an empirical constant a was
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defined as the fraction of maximum predicted axial contraction that

occurs with twisting to small shear strains. The equation relating

axial contraction At to angle of twist p for a solid cylinder is ob-

tained by multiplying (5.15) by a to give:

A = - R (5.33)4 P,
0

One method of determining the constant a would be to directly

measure the axial contraction of a fiber with twist. However, because

the contraction is a second-order effect, the magnitude of At is ex-

tremely small for small twist angles p and is difficult to measure with

precision.

Instead, it was decided to take advantage of the relatively large

axial moduli of the fibers to calculate the constant a from measurements

of the change in axial tension with twist of a fiber held at constant

length. Because the fiber is held at constant length in this experi-

ment, the axial contraction due to twisting is prevented by the genera-

tion of an axial stress which stretches the fiber to maintain the

constant length. Small stretching or axial strains generate relatively

large axial stresses in the stiff high performance fibers, which can be

measured with relatively good precision using a sensitive tensile load

cell.

The relationship between axial contraction At, twist angle 1,

and tensile force P can be written as the total differential:

=p -3- V - (5.34)
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Noting that AZ=:9,-, where P is the fiber length after twisting

through an angle p, then the change in length with twist at constant

load can be obtained directly from differentiation of (5.33) to yield:

(4 2. 2k (5.35)

The first term on the right-hand side of (5.34) can be related to

the axial tensile modulus of a fiber at any twist angle p. For axial

deformation:

S= EE (5.36)

where y=P/TrR2, E = axial tensile modulus and e=(k2, -)/Zo for small
0 0

strains. Substitution of these identities into (5.36) and rearrangement

to solve for k yields:

t :=o(P + 1) (5.37)0R2E
7rR E

Differentiating with respect to the tensile force P gives:

0 (5.38)

where it is noted that E is the axial modulus at a twist angle p.

The last term in (5.34) is obtained from measurements of axial

tensile force generated by twisting a fiber at constant length. For

small angles of twist (i.e., small shear strains y) the tensile force-

twist angle relationship is of the form:

P = Mn2 + P (5.39)

where m is a constant and P is the initial tensile load in the fiber at0

i0. This parabolic relationship between tensile load and twist angle
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is a direct consequence of the dependence of axial contraction on the

square of twist angle given by (5.33).

Differentiation of (5.39) with respect to ý yields:

(!) = 2mp (5.40)

Substitution of (5.35), (5.38) and (5.40) into the total differen-

tial (5.34) yields, after rearranging to solve for a:

a 4 (5.41)
T-R4 E

The relationship (5.39) and values of E at various angles of twist

ip are easily obtained by twisting a fiber that is held clamped in a ten-

sile test machine at constant length. Approximately 20 cm long lengths

of fiber were clamped in an Instron Universal Testing Machine equipped

with a load cell capable of measuring lOg force full-scale. A paper tab

was glued to the center of the fiber with epoxy. The fiber was then

stretched by displacement of the Instron crosshead to put a small ini-

tial tension P in the fiber.

A clamped fiber thus mounted was twisted at constant length by

rotating the centrally bonded tab. This test configuration consists of

twisting two fibers of equal length connected in series. Because the

fibers are in series, the tensile force in each is identical. The

measurements of force versus twist angle must be made at constant

length. Therefore, it is crucial that the tab be glued to the exact

center of the length of fiber that is clamped in the Instron. Long

fiber lengths were used to minimize errors due to machine compliance.
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The change in tensile force with twisting and untwisting at con-

stant length was measured for each fiber. The maximum twist angle was

kept within the range of elastic torsion deformation that was determined

from separate experiments to be described subsequently. Linear regres-

sion analysis of P versus ý2 was performed to determine the constant m

defined by (5.39).

The measurement of tensile modulus of fibers held twisted at sev-

eral angles ip throughout the range of elastic torsion deformation demon-

strated that there was no significant change in the tensile modulus due

to twisting for any of the fibers. Therefore, the value of E used to

calculate the constant a from (5.41) is a constant for each fiber, inde-

pendent of the twists tp applied in these tests.

The range of elastic torsion deformation for each polymer fiber

was determined from the onset of irreversible deformation with twisting.

For these tests a 2 cm length of fiber was clamped at one end and

bonded to a paper tab at the other. The end bonded to the tab was

allowed to hang freely and attain a rest position. This free end was

twisted a known amount, then allowed to untwist while the amount of this

recoverable twist was measured. After a single test, a sample was

discarded and a new one used for each subsequent test. The amount of

applied twist was increased until the measured recoverable twist was

noticeably less than the applied.

Plots of recoverable versus applied twist were made in terms of

recoverable versus applied fiber surface shear strain. The applied

surface shear strain corresponding to the onset of irrecoverable
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deformation was determined from these plots. Because the maximum strain

in a twisted fiber occurs at the surface, the surface shear strain at

the onset of irrecoverable twist was defined as the critical shear

strain yC'

This technique has been used to measure a critical shear strain of

10% for Kevlar 49 (PPTA) fibers 119]. In this previous study, the cri-

tical shear strain was shown to correspond to the initiation of longitu-

dinal splitting of the fiber surface. In the present study, optical

microscopic observations of highly twisted polymer fibers revealed

internal fiber damage that closely resembled compressive kink band

formation (see Chapter 4). This phenomenon was investigated by twisting

fiber samples to various levels to determine the onset of this internal

deformation. The surface shear strain corresponding to the initiation

of these bands is defined as the critical shear strain to kink band

formation Yk"

The deformation of fiber surfaces was examined using an ETEC Auto-

scan scanning electron microscope (SEM). The internal deformation of

twisted fibers was observed using a Zeiss polarizing optical microscope.

The effect of axial tensile stress on the torsion shear modulus of

fibers was measured using a modification of the torsion pendulum tech-

nique described in Chapter 4. The modification involves bonding one

length of fiber at its top end to a rigid clamp, threading the fiber

through a disc pendulum to which it is subsequently bonded, and bonding

the bottom end to a weight. A schematic of this test configuration is

shown in Figure 5.3. The small arrows in this figure indicate where the
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Figure 5.3. Schematic of apparatus used for
torsion modulus-axial tensile stress
measurements.
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fiber is bonded. The weight that hangs from the bottom of the fiber is

free to move vertically, but is fixed against rotation.

The torsion shear modulus is calculated from measurements of the

period of oscillation of the centrally bonded disc pendulhm. This test

configuration is the torsion of two fibers in series, from which the

shear modulus is calculated using:
8TrId •i•'2

G -Tr4 (24 1-- 2 (5.42)
Trr 1 2

where Id = polar moment of inertia of the disc pendulum

T =period of oscillation

r = fiber radius

kI' 2 = lengths of fiber above and below pendulum

The advantage of this particular test is that the only variable is

the weight hung from the fiber--that is, the axial tensile stress in the

fiber. The disadvantage of this technique is that the length of fiber

below the disc pendulum is always under less tensile stress than the

length above the disc due to the pendulum weight. However, the test is

performed to determine the change in torsion modulus with applied

tensile stress, and this variation is identical for both lengths of

fiber.

The diameters of all fibers except PE were measured using a laser

diffraction technique [721. The PE fibers have irregular cross-sections

and a value of l.13xlO3ijm2 for cross-sectional area was calculated from

the linear density.
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5.3 Results

The tensile force-twist behavior at constant fiber length could be

adequately fitted to (5.39) for PPTA, PBT, ABPBO and NTP fibers. A

graph of tensile force P versus twist angle ' for PPTA is shown in

Figure 5.4. The force data were also plotted against 42 to demonstrate

the parabolic relationship between P and p.

The characteristics of PPTA fiber shown in Figure 5.4 were found

to be similar to those of PBT, ABPBO and NTP fibers. All fibers exhib-

ited the small hysteresis seen in this figure for PPTA upon untwisting.

Moreover, every fiber sample retained some permanent, irrecoverable.

twist, which was detected by allowing the centrally bonded tab to

unwind freely.

A linear regression analysis of P versus 2 yielded the slopes m

and correlation coefficients r listed in Table 5.1. These slopes repre-

sent the average for the two values obtained from twisting and untwist-

ing. A value of the constant a was calculated for each fiber using

(5.41) and the data given in Table 5.1.

Twisting a glass fiber held at constant length resulted in a small

decrease in tensile force, indicating that this fiber elongates with

twist. The change in tensile force with twist was too small to enable a

slope m and therefore a constant a to be calculated with any accuracy

for glass.

The constant a ranged from 0.70-0.85 for the four polymer fibers.

These values are all less than unity, indicating that there is less con-

traction than the maximum predicted by Timoshenko (5.15).

132



0
E ('I
E
0 E

CY) LO-

0

00 4--)
Cu x

*.0
100LO >

x
LL UI

LA-

(4U 0~

C~l 0

CIDf CD

133



Table 5.1

Linear Regression Data for Tensile Force
Versus Twist Angle Measurements and

Calculation of Constant a

Fiber Fiber Tensile

2 Lengtha Radius Modulus bFiber m(g/rad x10 6 ) r (mm) (Pm) (GPa) a

PPTA 1.08 0.9994 103.5 6.1 123 0.85

PBT 3.53 0.9995 96.5 6.5 265 0.85

ABPBO 3.20 0.9993 93.5 8.3 117 0.70

NTP 11.4 0.9986 94.0 12.0 77 0.80

K-Glass C-) - 94.0 6.4 70 <0

P = mi2 + Po; r = correlation coefficient

aLength above and below centrally bonded paper tab.

bCalculated using equation (5.41).
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Inspection of (5.41) confirms that the error in a is at least four

times the error in the radius. Measurements of fiber radii along

lengths comparable to those used for force-twist measurements were

accurate to approximately 5%. Therefore, the values of a listed in

"Table 5.1 are precise to no less than 20%.

The elastic torsion deformation range as defined by the critical

shear strain y was determined from plots of normalized recoverable

strain versus applied strain as shown in Figure 5.5 for ABPBO. Similar

behavior was observed for PPTA, PBT and NTP fibers. After twisting to

surface shear strains equal to or greater than yc' the recovery

(untwisting) of NTP fibers became noticeably time-dependent. Therefore,

NTP fibers were allowed to untwist for a few minutes before taking a

measurement of recoverable shear strain. The values of yc for the

polymer fibers are given in Table 5.2.

Values of critical surface shear strain to internal kink band for-

mation Yk are also listed in Table 5.2. The range of values for Yk rep-

resents-the variation in shear strain required to initiate visible

kink bands in several samples of one type of fiber. Optical micrographs

of internal kink bands in PPTA, PBT, ABPBO and NTP fibers held twisted

to strains greater than Yk are shown in Figure 5.6. The obliquely ori-

ented bands occur at angles to the fiber axis which are identical to the

orientation angles of kink bands formed by axial compression of the same

fibers (see Chapter 4). In twisted fibers these bands are predominantly

confined to the center of the fiber, which suggests that internal axial

compressive failure occurs due to torsion.
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Table 5.2

Critical Shear Strains to Inelastic Torsion Deformation
and Internal Kink Band Formation

Fiber y N) N) a b NOc Yk m c

PPTA 10 14-15 0.42-0.48 0.50

PBT 3-4 6-7 0.08-0.10 0.10

ABPBO 10 10-12 0.18-0.25 0.18

NTP 10 8-9 0.13-0.16 0.15

a Maximum axial compressive strain due to twist = -ay 2 /4.k
b Critical axial compressive strains to kink band formation (Chapter 4).
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Further proof that axial compressive failure occurs due to torsion

is obtained from the comparison of cm, the maximum internal compressive

strains occurring with torsion to surface strains yk' with cc, the

critical compressive strains to kink band formation. The internal

compressive strains may be calculated using equation (5.14) for the

internal axial normal stress distribution after multiplication by the

constant a to give:

_a a ý _a 2 R2
: 2  2 -r ) (5.43)

2Z0

The maximum compressive strain occurs at the fiber axis (r=O).

Noting that ym = iR/o' , the maximum compressive strain of the distribu-

tion given by (5.43) may be written in terms of Yk as:

2
m k (5.44)

Values of compressive strain calculated using (5.44) and critical

axial compressive strains to kink band formation determined for each

fiber in Chapter 4 are given in the last two columns of Table 5.2.

Clearly, the internal compressive strains due to shearing to strains Yk

are sufficient to initiate kink band formation in these fibers.

SEM observations of twisted fibers revealed longitudinal surface

scratches and splits as shown in Figure 5.7 for NTP fiber twisted to a

shear strain greater than yc" However, similar surface markings were

observed on the surfaces of PBT, ABPBO and NTP fibers prior to twisting,

making assessment of damage to the fiber surface due to twisting diffi-

cult. PPTA fibers exhibit a relatively smooth surface, and therefore it
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Figure 5.7

SEM micrograph of NTP fiber held twistedat a surface torsion strain ym=20%.
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was easy to determine that surface splitting coincided with the onset of

irrecoverable torsion deformation [191. However, in light of the simi-

larity of yc and Yk' especially for ABPBO and NTP fibers, it appears

that torsion failure, as defined by the onset of irrecoverable deforma-

tion, is due to either shear failure of the fiber surface or axial

compressive failure of the fiber core.

Although the exact torsion strains for irrecoverable torsion de-

formation and torsion-induced kink band formation could not be deter-

mined for the PE fibers due to their irregular cross-sections, kink

bands were observed in highly twisted PE fibers. These kink bands can

be observed in optical and scanning electron micrographs of twisted PE

fibers, as shown in Figure 5.8a,b. The kink bands are nearly perpendi-

cular to the fiber axis and occur with regular periodicity along this

axis.

The samples of PE fiber shown in Figure 5.8a,b have a nearly rec-

tangular cross-section. Timoshenko has calculated the torsion-induced

axial normal stress (and strain) distribution for isotropic rectangular

prismatic bars, predicting that the maximum axial compressive stress

occurs in the center of the surface of the wide face of the bar [86].

Inspection of Figure 5.8b shows that the transverse kink bands are

confined to the central region of the surface of the wider face of the

fiber, thereby indicating that axial compressive failure occurred with

torsion.

All fibers exhibited excellent linear correlation between apparent

torsion modulus G* and applied axial tensile stress u as predicted by
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Figure 5.8

(a) Optical and (b) SEM micrographs of highly
twisted PE fiber. Fiber between cross polars,
parallel to analyzer, in (a).
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(5.32). A plot of G* versus a0 for PBT fiber is shown in Figure 5.9.

The values of G* measured for increasing and decreasing ao were identi-

cal within experimental error.

Linear regression analysis yielded slopes a and correlation coef-

ficients r given in Table 5.3. The true shear moduli, i.e., the inter-

cepts, were obtained from independent measurements performed in Chapter

4. Comparison of the constants a determined from the slope of G* versus

a with those obtained from tensile force-twist measurements and given

in Table 5.1 shows that there is relatively good agreement of these

values for all fibers tested. Therefore, it appears that the increase

in torsion modulus with axial tensile stress is due solely to the axial

contraction that occurs with twist.

There was no measureable effect of tensile stress on the torsion

modulus of glass fiber. This result is in agreement with the relatively

small axial elongation observed during twisting of glass fibers. A

linear decrease in torsion modulus with increasing axial stress would be

expected based on the observed elongation with twisting of glass fibers.

However, the small elongation with twist and the relatively large shear

modulus of glass presumably render the effect of tensile stress on

apparent torsion too small to be detected.

The last column in Table 5.3 shows the maximum axial tensile

stress, as a percentage of the stress at break, that was applied to each

fiber for torsion modulus measurements. The linear increase in apparent

torsion modulus persisted up to tensile stresses that were approximately

50% of the break stress for all fibers.

143



2.5-

PBT

2.0

a-

W 0.81

D- 1.5-

~144

0*

z
0

~10

0.5 I
0 0.5 1.0 1.5

TENSILE STRESS (GPa)

Figure 5.9. Torsion modulus-axial tensile stress behavior of PBT
fiber.

144



Table 5.3

Linear Regression Data for Apparent Torsion Modulus
Versus Axial Tensile Stress Measurement

Fiber Ga (GPa)' ar % ao (%)

PPTA 1.5 0.8 0.9996 54

PBT 1.2 0.8 0.9997 55

ABPBO 0.62 0.7 0.9999 63

NTP 0.45 0.7 0.9999 43

PE 0.7 - 0.9993 32c

K-Glass 20 0.0 - 69

G* = ac + G0

aTrue torsion moduli, measurements discussed in Chapter 4.

bMaximum applied tensile stress, as percentage of ultimate tensile

strength au-

CYield stress is approximately 15% of ultimate strength.
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The linear increase in torsion rigidity with axial tensile stress

was also observed for PE fibers. Unfortunately, the irregular cross-

section of these fibers made determination of torsion modulus and

therefore determination of constant a difficult. Note that the linear

dependence of torsion rigidity on tensile stress was observed up to

stresses significantly higher than the yield stress of PE fiber.

5.4 Discussion and Conclusions

Indirect measurements of axial contraction with twist of high per-

formance polymer fibers showed that 70% to 80% of the maximum predicted

contraction occurred for all fibers examined. Measurement of less-than-

maximum axial contraction may be due to resistance of the fibers to the

volume reduction concomitant with shear-induced contraction.

A glass fiber was observed to elongate with twist, although the

relative magnitude of this elongation was much less than polymer fiber

length contraction with twist. The behavior of the glass fiber is

similar to other isotropic materials such as metal and rubber. Elonga-

tion of glass fibers with torsion could possibly be analyzed using

nonlinear elasticity theory for isotropic materials.

Although the torsion-induced axial contraction of the anisotropic

polymer fibers is a second-order effect, it results in unique behavior

for these materials.

Relatively large torsional strains result in relatively small

axial compressive strains in the core of polymer fibers. However, the
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high axial moduli of these fibers translate the small axial compressive

strains into significant axial compressive stresses. Therefore, there

is a large amount of axial strain energy in these fibers at large tor-

sional strains. This axial strain energy is expected to cause a non-

linear increase in torsion modulus according to (5.31), which should be

noticeable at large torsion strains.

Moreover, the low compressive strength of the high performance

polymer fibers limits the range of elastic deformation in torsion. The

significant axial compressive stresses that are generated within these

fibers with torsion are sufficient to cause internal compressive fail-

ure. Therefore, torsion may result in failure of these anisotropic

fibers due to an effect which is only of second order. The observation

of axial splitting on the surface of some fibers after twisting to shear

strains similar to those which initiate internal compressive failure

suggests that either shear or compressive failure or both lead to the

onset of inelastic torsion deformation.

A predicted linear increase in torsion modulus at small shear

strains with applied constant axial tensile stress was observed for all

polymer fibers examined. This apparent increase in modulus could be

completely explained by the work required of the fiber to contract

against the tensile stress with torsion. Therefore, there appears to be

no change in the true shear modulus of the material due to axial

stresses.

In his two-dimensional analysis of the relationship between appar-

ent shear modulus and axial stress, Foye considered the effect of
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compressive stress on shear modulus [921. Compressive stresses do work

on a material that contracts with simple shear and should therefore

reduce the apparent shear modulus. This effect has been observed for

fiber-reinforced composite tubes [941. Foye predicted failure of fiber

composites under compression due to onset of the instability that occurs

when sufficient compressive stress is applied to cause the apparent

shear modulus to vanish. This instability may be perceived as a total

loss of resistance to shear deformation, which subsequently leads to

collapse of the material in shear due to infinitesimal shear strains.

Consideration of the effect of axial compressive stress on the

apparent torsion modulus of high performance polymer fibers leads to the

conclusion that an instability (i.e., G*=O) occurs when ao=-G/a. This

prediction of compressive instability in these fibers is identical,

except for the constant a, to the theoretical estimate of axial compres-

sive strength obtained from the elastic microbuckling analysis presented

in Chapter 3. The constant a was approximately equal to 0.75 for all

polymer fibers tested. Therefore, the estimate of compressive strength

obtained by applying Foye's analysis is about 33% higher than predicted

by analysis of microbuckling instabilities.

However, the empirical constant a is very possibly a measure of

the resistance of fibers to the volume reduction that occurs during

twisting. In Chapter 3 it was shown that negative volume changes are

avoided with compressive failure due to kink band formation if the band

forms at oblique angles to the fiber axis. Therefore, because kink
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bands form by simple shear without a volume decrease, the constant a may

be assumed to equal unity and therefore the predicted compressive stress

required to initiate elastic shear instability, i.e., G*=O, is equal to

the longitudinal shear modulus.
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CHAPTER VI

HELICAL COMPRESSIVE KINK BANDS IN CYLINDRICALLY

ORTHOTROPIC MATERIALS: WOOD AND PPTA FIBERS

6.1 Introduction

In studies of the axial compressive behavior of a high performance

oriented polymer, KevlarR 49 fiber, it was observed that under uniform

compression these fibers form helical kink bands with a pitch angle of

approximately 60% on the fiber surface (Chapter 2). This formation of

surprisingly regular helical kink bands in compressed Kevlar 49 fiber

invited attempts at explanation based upon what is currently known about

the fiber morphology.

Structural studies of Kevlar 49 fiber show that it is a crystal-

line material of cylindrically orthotropic symmetry [28-30]. (A cylin-

drically orthotropic material has three mutually perpendicular planes of

structural symmetry which are parallel to a system of orthogonal cylin-

drical coordinates.) A more common example of a cylindrically ortho-

tropic material is wood. In this chapter, results of a study of the

axial compression of wood are presented with the intent of relating its

compressive failure morphology to that of Kevlar 49 fiber. Additional

results of observations of compressive kink band formation in Kevlar 49

fiber are also presented.
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6.2 Background

The structures of both Kevlar 49 fiber and wood in its natural

form are best described by a cylindrical coordinate system. The three

orthogonal axes of this system are shown in Figure 6.1. For both mater-

ials the z-axis is the direction of highest strength and modulus. In

wood science this axial direction is referred to as "parallel to grain"

because it describes the orientation of the wood fibers and tracheids

[95]. The axial direction of Kevlar 49 is the orientation axis of the

extended polymer chains [23,24].

Cylindrically orthotropic materials exhibit symmetry in the cross

section (re plane) such that the properties differ in the radial (r) and

tangential (e) directions. The transverse symmetry in wood results from

the yearly accumulation of rings. Additionally, radially oriented tubu-

lar cells (wood rays) enhance the strength and stiffness of wood in the

radial direction relative to the tangential direction [95]. This mor-

phology gives most woods a measured mechanical anisotropy that can be

ranked as:

Ez >> Er > E e

Z >> ar >

where Ei = tensile or compressive moduli and a. = tensile or compressive

strengths. Moreover, the axial compressive strength of wood is usually

less than half of the corresponding tensile strength.

Structural studies of Kevlar 49 fiber show that it also has trans-

verse symmetry [28-30]. This symmetry is due to the average alignment
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of two lateral crystallographic axes along radial and tangential direc-

tions. In particular, one axis of the monoclinic unit cell is parallel

to the direction of strong hydrogen bonding between polymer chains; this

axis is oriented predominantly along the radial direction of the fiber.

The other lateral axis of the unit cell is a direction of weaker secon-

dary bonds between chains and is oriented along the tangential direction

of the fiber. This arrangement of polymer chains in the fiber cross-

section probably gives Kevlar 49 fiber a mechanical anisotropy that is

qualitatively identical to the properties of wood. Kevlar 49 fiber

further resembles wood in that its axial compressive strength is much

lower than its axial tensile strength (Chapter 2).

To understand the mechanical behavior of both wood and Kevlar 49

fiber, it is helpful to model both materials as cylinders formed by a

collection of hypothetical radial sheets. A "sheet" is the plane formed

by the two mechanically strongest directions, i.e., the z- and r-axes.

The relatively poor adhesion between these sheets corresponds to the

strength and stiffness of each material in the tangential direction.

The radial sheet model for Kevlar 49 fiber was originally proposed by

Dobb et al. [28], and is adopted here to explain the compressive failure

of both Kevlar 49 fibers and wood.

Observations of axially compressed Kevlar 49 fibers made in Chap-

ter 2 have shown that such fibers exhibit V-shaped black lines when

examined by light microscopy, and observations using scanning electron

microscopy show these lines to be helical kink bands on the fiber
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surface. SEM micrographs of this unusual compressive failure mode were

shown in Figure 2.5.

Takahashi and coworkers used electron microscopy techniques to ex-

amine thin sections of compressively kinked Kevlar 29 fibers [371. This

variant of the Kevlar fibers also exhibits cylindrically orthotropic

structural symmetry [301. Furthermore, the compressive kink bands in

Kevlar 29 fiber observed by Takahashi are similar to those observed in

Kevlar 49. Takahashi showed that kink bands formed by shear slippage

between radial hydrogen-bonded sheets and were oriented at 550 to the

fiber axis in tangential sections (planes). Deformation within radial

sections (i.e., hydrogen-bonded sheets) appeared as thin bands of

buckled material oriented perpendicular to the fiber axis.

Reports on the compression testing of cylindrically orthotropic

wood specimens appear to be limited to the compression of poles and pil-

ings [96]. One study presented evidence of kink banding on the surface

of compressed pilings [96], but these materials were defect-ridden and

efforts to correlate structure with compressive failure modes were not

made.

For practical reasons most wood compression tests are performed on

lengths cut from the cross-section of the tree. These test specimens

are not cylindrically orthotropic, but their structure is of course

related to this orthotropy. The axial compression of wood sections can

result in several failure modes [95]. Specimens which are free of de-

fects (clear) and have a well-oriented grain usually fail due to the

formation of kink bands, which are referred to as shear bands in wood
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technology [53,95]. Microscopic examination of the material within the

kink band reveals the kinking and buckling of the wood fibers and

microfibrils [541.

It has been reported that for rectangular wood blocks having lat-

eral faces parallel to radial and tangential planes, axial compression

results in deformation bands that are usually oriented perpendicular to

the axial direction (grain) on the radial faces and oriented at 600 to

the axial direction on the tangential faces [53]. However, no pictures

of this failure mode were provided. These orientations of compressive

deformation bands on radial and tangential planes are identical to the

orientations of bands in corresponding planes of compressed Kevlar 29

fibers observed by Takahashi [37].

Two questions are to be addressed in this study. First, why does

Kevlar 49 fiber form helical kink bands under compression? Second,

given the structural similarities between wood and Kevlar 49 fiber, does

wood also form helical kink bands under axial compression?

6.3 Experimental

The formation of kink bands in Kevlar 49 fiber was observed at

several levels of axial compressive strain above the critical strain for

initiation of these bands. The technique employed for these observa-

tions is described in Chapter 4. Briefly, the method involves bonding

single fibers to one surface of a transparent elastic beam which is

subsequently bent in a manner that places the bonded fibers in axial
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compression. The formation of kink bands in these compressed fibers can

then be examined using optical microscopy.

The internal deformation in kinked Kevlar 49 fibers is revealed by

the compression of the fiber tensile fracture surface. Single fibers

were embedded in a nylon-6 matrix by solvent-casting a nylon film around

the fibers. These fiber-containing films were stretched parallel to the

fiber axis in order to break the embedded fiber in tension. Because the

fiber fails in tension at low strains and the nylon matrix plastically

deforms to relatively large tensile strains before it fails, stretching

fiber-containing nylon films caused the fiber to break at several loca-

tions along its length prior to ultimate failure of the surrounding

nylon matrix. Kink bands were observed in fibers fractured in this

manner, thereby demonstrating that compressive stresses were generated

in the fiber after tensile failure. This preparation resulted in com-

pressive failure of the tensile-fractured end of the fiber, as well as

compressive deformation of the internal regions of the fiber which had

been exposed by tensile failure. It is believed that compression of the

fiber subsequent to tensile failure occurs by snap-back of the fractured

end [431 as well as by the elastic recovery of the nylon matrix which

occurs upon removal of the tensile load. Fibers which were fractured in

tension and then compressed as described above were recovered from the

nylon matrix by dissolving the matrix with formic acid. These isolated

fiber fragments were examined using scanning electron microscopy (SEM).

A Zeiss polarizing microscope and an ETEC Autoscan SEM were used to

examine Kevlar fibers.
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Two geometries of wood samples were tested in axial compression.

First, rectangular wood blocks with lateral faces cut parallel to radial

and tangential planes were compression-tested to determine the orienta-

tions of deformation bands within these planes. A 1 in. x 1 in. sample

of white pine post having the necessary symmetry was selected from a

local lumberyard. Blocks 2 in. long were cut with parallel ends using a

band saw. These blocks were axially compressed using an Instron Testing

Machine at a crosshead speed of 0.1 cm/min. Second, cylindrically

orthotropic samples of wood were prepared by turning down knot-free logs

of eastern white pine on a lathe to remove bark and form right circular

cylinders. Two cylinders, roughly 8 in. long and 3 in. in diameter,

were axially compressed in the green state using a Riehle Testing

Machine at a crosshead speed of 0.05 in./min.

6.4 Results

The formation of kink bands in Kevlar 49 fiber at increasing

levels of axial compressive strain is shown in the optical micrographs

in Figure 6.2. These micrographs show the appearance of the V-shaped

black lines, which correspond to a helical kink band, as the level of

compressive strain in one region of the fiber is increased. It is clear

from these micrographs that the helical kink band propagates in both

directions along the fiber axis with increasing compressive deformation.

An SEM micrograph of a Kevlar 49 fiber tensile fracture surface

which was subsequently compressed is shown in Figure 6.3. A montage of

micrographs was made in order to show the surface of the long axial
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splits which usually occur during tensile failure [33,43]. The compres-

sive deformation which is superimposed on the split fiber is a striking

combination of kinked and buckled regions. An enlargement of a section

of the fiber near the area where the splitting initiated shows the

internal deformation of the compressed fiber (Figure 6.3b). The inside

of the fiber contains bands oriented perpendicular to the fiber axis on

what appear to be radial planes. The splitting between radial planes

during axial tensile failure is an expected consequence of the radial

sheet morphology of Kevlar 49 fiber. Assuming that the compressive

deformation of the intact fiber and the split fiber that has exposed

internal surfaces are related, then the observations of perpendicular

bands of buckled material on radial planes and of obliquely-oriented

kink bands on tangential planes (i.e., the fiber surface) support the

results obtained by Takahashi [371.

A photograph of an orthotropic wood block after compression is

shown in Figure 6.4. The arrows in this figure point to a kink band

oriented at approximately 450 to the grain (axial direction) on the tan-

gential face and to a band of buckled material oriented perpendicular to

the grain on the radial face. These particular orientations of deforma-

tion bands on the two material faces were observed for almost every

specimen, except that kink bands formed at angles ranging from 400 to

600 with respect to the grain.

The first of two cylindrically orthotropic wood cylinders tested

did indeed develop a helical kink band on its lateral surface during

axial compression. Photographs of this specimen are shown in Figure
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6.5. The left-handed helical band winds around the cylinder at an aver-

age angle of 600 to the grain. Note that the geometrical and structural

centers of this wood cylinder coincide (Figure 6.5h). The axial split-

ting of this cylinder seen in some of the photographs of Figure 6.5

occurred long after the cylinder had been tested. These splits were

presumably caused by shrinkage stresses which developed during drying of

the specimen at ambient conditions after testing.

Results of simultaneous observations of helical band formation and

force-displacement behavior for this first wood cylinder are summarized

in Figure 6.6. In this specimen, the helical band initiated at one end

of the cylinder and then propagated around the lateral surface. Both

initiation and propagation of the band occurred within the strain-

softening region of the force-displacement curve, after the maximum

compressive force had been reached.

The second wood cylinder tested did not form complete helical kink

bands under axial compression, but did form isolated kink bands oriented

at approximately 600 to the grain on its lateral surface. A transverse

section cut from this second cylinder through surface kink bands is

shown in Figure 6.7. The sectioning reveals that surface kink bands are

connected by internal radial deformation bands to the structural, and

not the geometrical, center of the wood cylinder. This last observation

is made clear by the distinct separation of the structural and geometri-

cal centers of this particular cylinder.

It is also evident from Figure 6.7 that the internal radial defor-

mation bands taper as they approach the core of the cylinder. Two such
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a

,\ '

Figure 6.7

(a-c) Too and side views of a transverse section
cut from a compressed wood cylinder that had two
separate kink bands on its surface.
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bands are seen in the section shown in this figure because the trans-

verse cut was made through two isolated surface kink bands.

Other transverse sections through the second cylinder showed that

the internal deformation band always connects the surface kink band to

the structural core along radial directions, thereby forming a "spiral

staircase" pattern of deformed material in the cylinder. The absence of

complete helical kink bands on the surface of this cylinder may be re-

lated to the fact that its geometrical and structural centers do not

coincide.

Comparison of the axial compressive deformation bands formed in

the orthotropic wood blocks and the cylindrically orthotropic wood cyl-

inders shows that radial planes buckle under compression, forming per-

pendicular bands, and that obliquely oriented kink bands form on tangen-

tial planes in both types of specimens. Therefore, it is apparent that

the presence of free surfaces in wood blocks does not affect the orien-

tations of compressive deformation bands relative to the orientations of

corresponding bands in the wood cylinders.

6.5 Discussion

The evidence presented in this study shows that under axial com-

pression, helical kink bands form by initiation and propagation on the

surface of Kevlar 49 fibers and cylindrically orthotropic wood cylin-

ders, and that radial bands of buckled material form within both mater-

ials. This similarity in compressive failure modes of two materials
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which differ so greatly in both size and composition can be explained

with the aid of the radial sheet model previously described.

When sheets of paper or rubber are stacked together and then com-

pressed parallel to the plane of the sheets, kink bands oriented at

oblique angles to the load axis form by initiation and propagation along

the lateral face comprised of the edges of the sheets, and perpendicular

bands (buckled sheets) form on the other lateral face [56,571. This

cooperative buckling of stacked sheets is illustrated in Figure 6.8.

Further examination of Figure 6.8 reveals that most of the defor-

mation in the kink band is shearing between sheets. The deformation on

the other lateral face consists of bending or buckling of the sheets at

the boundaries of the perpendicular band. Therefore, kink bands form by

shear slippage between buckled planes of easy shear slip.

Moreover, the angle between the kink band boundary and the axis of

loading (a) is always less than 90P. This formation of obliquely-

oriented kink bands has been explained in terms of volume changes [611.

Kink bands with perpendicular boundaries, i.e., ý=90°, can only be

formed by imposing negative volume changes within the band and therefore

the formation of such bands is considered highly unlikely.

When planes or sheets of easy shear slip are radially stacked to

form an orthotropic cylinder and then compressed, the compressive fail-

ure should be internal buckling of the sheets in a cooperative manner to

yield a helical kink band on the lateral surface of the cylinder.

Therefore the failure pattern formed by kinked and buckled material will

resemble a "spiral staircase." A schematic of this pattern is given in
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Figure 6.8. Illustration of a compressive kink
band in stacked sheets.

168



Figure 6.9. Near the center of a cylinder composed of radial sheets,

there is less room for lateral displacement than at the surface. This

might explain the tapering of the internal deformation band in the com-

pressed wood cylinder near its core (Figure 6.7).

There is little evidence for the internal buckling of the radial

sheets of Kevlar 49 fiber in the optical micrograph in Figure 2.4. How-

ever, there is proof of the presence of perpendicular bands on free

radial surfaces exposed by tensile fracture (Figure 6.3). Furthermore,

Takahashi showed that perpendicular bands form within radial sections of

compressively kinked Kevlar 29 fibers [371. These observations may also

be explained by the constraint imposed on lateral displacements near the

center of the intact fiber. The extent of internal deformation due to

buckling of radial planes close to the fiber core may be too small to be

detected by transmitted visible light.

6.6 Conclusions

The results of this study can be summarized as follows:

1. The formation of compressive kink bands within particular planes of

orthotropic materials results from shearing between the buckled

planes (not necessarily crystallographic planes) of easy shear slip.

This mechanism of compressive failure may be universal for orthotro-

pic materials which are compressed parallel to planes of easy shear

slip.

2. Helical kink bands in axially compressed Kevlar 49 fibers and wood

cylinders result from the particular cylindrically orthotropic
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Figure 6.9. Illustration of a helical compressive kink
band in a cylinder composed of radially
oriented stacked sheets.
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symmetry exhibited by these materials. Such band formation can be

explained by the cooperative buckling of radial material planes.

3. Other cylindrically orthotropic materials which have the same mech-

anical anisotropy exhibited by wood and Kevlar fibers should also

form helical bands under axial compression. Axial compression of

cylindrically orthotropic materials composed of tangential material

planes or sheets, such as "onionskin" graphite fibers, should pro-

vide interesting comparison to the results presented herein.
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CHAPTER VII

FUTURE WORK

In this dissertation, it has been established that the axial

compressive failure of high performance organic fibers is due to the

onset of microbuckling instability. The compressive strength of these

fibers is predicted to be equal to the minimum fiber longitudinal shear

modulus. This prediction was obtained from both a linear elastic micro-

buckling analysis (Chapter III) and from an analysis of an observed

second-order effect of axial tensile stress on the torsion modulus of

high performance polymer fibers (Chapter V). Experimentally determined

fiber compressive strength was found to be equal to approximately one-

third of the torsion modulus.

Future studies should include measurements of axial compressive

strengths and longitudinal shear moduli of other high performance

organic fibers, especially fibers based on extended-chain polymers.

These measurements are needed to establish the applicability of the

linear relationship between compressive strength and longitudinal shear

modulus and, therefore, the proposal that compressive strengths are

limited by elastic instability. The current research efforts in the

field of thermotropic polymer liquid crystals should make a variety of

high performance materials available in the near future.

The only chain-extended flexible polymer fiber examined in this

thesis, i.e., the gel-spun PE fiber, did not exhibit the same correla-

tion between axial compressive and torsion modulus that was observed for
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the rigid-rod polymer fibers. If PE fiber is an orthotropic material,

the torsion modulus may not be the minimum longitudinal shear modulus of

this fiber. It would be interesting to measure the torsion modulus of

PE fibers having both a uniform cross-section and a structural symmetry

that yields a torsion modulus equal to the minimum longitudinal shear

modulus of PE. Such fibers could also be used to determine the depen-

dence of torsion modulus on axial tensile stress, which was not deter-

mined in this thesis because of the limitations imposed on the experi-

mental accuracy by the irregular and non-uniform cross-section of those

PE fibers examined here.

If the axial compressive strength of rigid-rod polymers is truly

limited by the onset of elastic microbuckling instability, then changes

in compressive strength due, for example, to temperature changes, intro-

duction of a plasticizer or heat-treatment should parallel changes in

longitudinal shear modulus due to these same factors. Furthermore,

because no buckling deformation occurs in perfectly oriented fibers

compressed to stresses below the critical value, compressive fatigue of

fibers or their composites below the critical compressive stress should

not result in material failure no matter how many loading cycles are

applied. Compressive fatigue tests of single fibers (via the beam

bending technique described in Chapter II) or fiber composites should be

performed to test this hypothesis.

Compressive failure with concomitant kink band formation due to

compression along planes of easy shear slip occurs in several anisotro-

pic materials. The stress required to initiate kink bands (i.e., the
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compressive strength) in rigid-rod polymer fibers and some types of

fiber-reinforced composites [971 appears to be limited by elastic micro-

buckling instability. It would be interesting to examine the compres-

sive strength-shear modulus relationship for materials such as wood and

metal single crystals and thereby determine if the elastic microbuckling

mechanism for compressive failure is universal for anisotropic materials

that form compressive kink bands.

The ratio of measured compressive strength to torsion modulus for

rigid-rod polymer fibers is approximately one-third, indicating that the

estimate of compressive strength given by the torsion modulus is consis-

tently too high. One explanation discussed in Chapter IV for this dis-

parity is that there may be regions within the fiber, such as interfib-

rillar regions, which exhibit a shear modulus that is lower than the

torsion modulus. It was proposed that microbuckling should be initiated

at a compressive stress equal to this lower local shear modulus.

However, if high performance fibers are actually composites of

fibrils, microfibrils and "binder," then the stress required to initiate

microbuckling in these fibers should be equal to the "composite" longi-

tudinal shear modulus. Both Rosen [201 and Foye [921 considered the

onset of elastic shear instabilities in fiber-reinforced composites

where both the matrix and fiber undergo shear deformations. Although

the approach taken by each worker to predict the critical compressive

stress differed, both concluded that elastic instability is initiated

at a stress equal to:
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Oc Gm (7.1)

(•c Vf)+Vf(Gm /Gf7

where: m = matrix

f = fiber

Gi = longitudinal shear moduli

Vf = volume fraction of fiber

This equation is the Reuss estimate of the longitudinal shear

modulus GR of a composite material. It is obtained by assuming the

stresses in each phase (fiber and matrix) are equivalent. This estimate

represents a lower bound for the actual longitudinal shear modulus of a

composite.

An upper bound estimate for composite shear modulus is given by

the Voigt modulus Gv, which is obtained by assuming the strains in each

phase are identical. This shear modulus is given by:

Gv = VfGf + (l-Vf)Gm (7.2)

The actual shear modulus of any composite should fall within the

range bounded by GR and Gv* Two different shear moduli Gxy Gyx may be

obtained from complimentary measurements of shear deformation of a com-

posite laminate as shown in Figure 7.1. The deformation shown in Figure

7.1a corresponds to equivalent shear strains yyx in each phase of the

composite and is therefore characterized by a Voigt modulus Gv* This

modulus is obtained when a strain Yyx is applied and a stress Tyx, an

average of the shear stresses in each phase, is measured.
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Figure 7.1. Simple shear deformation of a laminate.
(a) Shear strain in each phase equal.
(b) Shear stress in each phase equal.
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The deformation shown in Figure 7.1b corresponds to equivalent

shear stresses Txy in each phase and is therefore governed by a Reuss

modulus GR. This modulus is determined by applying a shear stress Txy

and measuring a shear strain yxy that is an average of the shear strains

in each phase.

The condition Gxy Gyx violates linear elasticity theory, but may

apply to anisotropic materials composed of two or more distinct phases.

If the anisotropy and heterogeneity of the high performance organic

fibers are severe, then the torsion modulus of these fibers would corre-

spond to the modulus G yx=Gv obtained from the deformation depicted in

Figure 7.Ma. This shear modulus is always greater than Gxy=GR9 and

therefore the Reuss modulus should be used as the estimate of the com-

pressive strength. Experiments should be performed on single fibers or

fiber composites to determine if the deformations shown in Figure 7.1 do

indeed yield different values of longitudinal shear moduli. If a dis-

parity exists, it could explain the overestimate of compressive strength

which is given by the torsion modulus.

The prediction that compressive strength is equal to the longitu-

dinal shear modulus was obtained by a linear elastic microbuckling

analysis (Chapter III) and by an analysis of the effect that axial

stresses have on fiber torsion modulus (Chapter V). The axial stress-

torsion modulus relationship is a result of nonlinear-elastic behavior.

The magnitude of this nonlinear effect suggests that a refinement of the

microbuckling analysis, which would incorporate nonlinear-elastic behav-

ior, might yield better estimates of compressive strength. For example,
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calculations of shear mode buckling stresses could be made assuming the

foundation shear modulus is a function of shear strain or compressive

stress. Reductions in the true shear modulus of fiber-reinforced

composites due to compressive stresses have been measured [941.

Several experiments could be performed on hollow fibers, which

would further our knowledge of compressive characteristics of high per-

formance organic fibers. First, the compressive strength of hollow

fibers can be measured directly [981, thereby eliminating the need to

resort to an indirect measurement of strength from critical strains to

kink band formation. Second, measurements of torsion modulus versus

axial tensile stress for hollow fibers and comparison to the results

obtained for solid fibers of the same material should provide an assess-

ment of the resistance of the fibers to length and radius changes with

torsion. Third, hollow fibers can be measured for compressive strength

as a function of twist without the complicating effects of axial normal

stresses that develop with twist in solid fibers. This experiment would

determine conclusively whether compressive failure occurs by elastic

instability as demonstrated here, or by shear failure as proposed by

Argon [62].

Further insight into kink band formation and the stresses required

to initiate kink banding could be obtained from tests on model aniso-

tropic materials. This work would be an extension of the studies of

compressive behavior of card decks [561 and rubber laminates [571. For

future experiments, sheets of paper could be glued together with

matrices having different shear moduli. These laminates could be
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measured for composite shear modulus to determine if Gxy Gyx as dis-

cussed above. The compressive stress required to initiate kink banding

in these models could be compared to measured and calculated composite

shear moduli. The effect of defects on the nucleation of kink bands

could be studied by deliberately incorporating voids, regions of mis-

alignment or short lengths of paper (i.e., line defects) into the model

laminate.

The goals outlined at the onset of this dissertation included the

possibility of su'ggesting ways to improve the compressive strength of

high performance organic fibers. It is clear from the work performed in

this dissertation that improvements in compressive strength will follow

from increases in longitudinal shear modulus. Again it is emphasized

that the shear modulus and not the shear strength of the fiber deter-

mines its compressive strength. It is, perhaps, fortunate that a modu-

lus is an average property of a material, less affected by local irregu-

larities and defects than a material strength. Therefore, it is prob-

ably easier to improve a material stiffness than a strength.

Conceivably, the lateral interaction between polymer chains

(i.e., the shear modulus) could be enhanced via stronger bonding between

chains. These bonds might be strong secondary bonds such as hydrogen

bonds or chemical crosslinks formed by covalent or ionic bonds. These

strong lateral bonds must act in at least two directions within the

cross-section of the fiber. Strong lateral bonds in only one direction,

as in the case of radially oriented hydrogen bonds in PPTA fibers, still

leave planes of easy shear slip that enable microbuckling to occur at
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relatively low compressive stresses. An example of an extended polymer

chain that forms a crystalline unit cell with hydrogen bonds oriented in

at least two lateral directions is cellulose [951. It would be inter-

esting to measure the axial compressive strengths of highly oriented

cellulose fibers.

Enhancement of crystalline perfection may be a route to higher

shear modulus material. However, it is also possible that a perfect

crystal might have a lower shear modulus than an imperfect crystal.

This would be true for crystals containing pinned dislocations that

offer more resistance to shear deformation. Theoretical calculations of

shear modulus may provide an estimate of the upper limit on compressive

strength that may be attained via crystalline perfection.

If a polymer fiber is an inhomogeneous material composed of micro-

fibrils, fibrils and binder, then the shear modulus (and hence the

compressive strength) is a function of the shear moduli of all these

phases. It is readily verified from (7.1) that the estimate of compo-

site shear modulus is dominated by the modulus of the soft matrix phase.

Therefore, improvements in the shear modulus of the binding phase

between microfibrils would yield significant improvements in composite

shear modulus and possibly compressive strength.
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APPENDIX I

CRITICAL BUCKLING LOAD FOR A LINK-HINGE CHAIN

WITH THREE HINGES (p=4)

Examination of Figure Al.l shows that the strain energies for

hinges 1, 2 and 3 are:

U1  k (a)2U1 z ('l-'2)2

U2  2 (2a 2 ) (Al.l)

2 2 2)

2
U3 z (a1-a2)2

and the total strain energy is therefore:

322
U 3. U. = k( -2a + K (2a (Al.2)i=l 1 2  2 2)

The total axial displacement is given by:

At = 2k(l-cosal) + 2k,(l-cosa 2 ) (Al.3)

which, for small ci, can be approximated by:

2 2

A = 2k(--1) + 2t(-2) (Al.4)

The work due to load P is then:

2 2

The total potential is defined by (3.4), which for this problem is:

V = (k-Pk)a 2 + (3k-Pk)a - 2kala (AI6)

1 2 - 1 28
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The chain must be in equilibrium with respect to all rotations.

Therefore, equilibrium for the chain shown in Figure Al.l occurs when:

-V _ 2(k-PP.)la _ 2ka2 = 0

(Al.7)

aV- -2kal + 2(3k-Pk)c2 = 0

The buckling loads P are obtained from the nontrivial solution of (Al.7).

This solution is given by:

(k-Pt) (-k) 0

(-k) (3k-PZ)I

or P2 _ 4(k)P + 2(k)2 - 0 (Al.8)

The roots (eigenvalues) of this polynomial are:

P = (2 + V7)(k) (Al.9)

The critical buckling load is therefore:

Pcr (2 - )(k) (Al.10)

It can be verified from (Al.7) that this value of Pcr gives:

32 V > 2V>

2 , 0 (Al .11)
2 2

1 2

and therefore causes an unstable equilibrium.

It should be noted that a symmetrical buckling pattern was assumed

in this analysis. The symmetry of the buckling configuration can be

proved by assuming a general shape for the buckled chain and determining

the eigenvectors, i.e., the values of ci, for each eigenvalue or buckl-

ing load.
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APPENDIX II

APPROXIMATE SHAPE OF LONG LINK-HINGE CHAIN

Referring to Figure 3.7b, it is seen that the slope at hinge i of
the curve vi=v(xi) that defines the shape of the buckled link-hinge

column is:

-= tan ai (A2.1)
Ax.i

For small ai' tan al=ii, therefore (A2.1) becomes:

AviAXV-- =a 
(A2.3)

Also, it can be seen from Figure 3.7b that

Zcosa i = Axi (A2.4)

which, for small ai, reduces to:

S= Ax. (A2.5)

When the number of links p and therefore the chain length is allowed to

increase without bound at a fixed link size, the buckled chain configura-

tion will conform exactly to the curve traced by the analytical function

v(x). The limit of increasing overall chain length L at fixed link

length Z is mathematically equivalent to the limit of vanishing link

length at fixed overall chain length. Both cases represent the limit of

an infinite number of links.

Therefore, in this limit, equation (A2.3) becomes:

lim a. = lim a dv x(A2.6)
Axi--O k-O 1-0
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The derivative of any continuous function f(x) is defined by:

d (f(x)) = lim Af(x) = lim f(x)-f(x-Ax)(A2.7)
dx Ax-+O Ax Ax-*O AX

If f(xi) is:

f(xi) =dv (A2.8)

Then substitution of (A2.8) into (A2.7) yields:

dv d
lida x x dxx-Ax d dv 2  (A2.9)

rAx dx- d-x)lxi dx2 x
x-O *1

Recognizing that:

limc~. dvlxl•+im ai- = -x xi-i

i-i dxlxAx

and recalling (A2.5) and (A2.6), their substitution of these results

into (A2.9) yields:

i-i-l d2 (2.0lim-(A 
.0

dx 2 xi
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APPENDIX III

CRITICAL BUCKLING LOADS FOR A COLLECTION OF

LATERALLY INTERACTING LINK-HINGE CHAINS

The chains are assumed to pack in the cross-section of the fiber

on a cubic lattice as shown in Figure 3.8. The lattice dimension b is

chosen so that the cross-sectional area per chain b2 is equal to the

value determined experimentally from the actual unit cell of each poly-

mer. The elastic foundation is treated as a continuum matrix which sur-

rounds the chains and is not shown in Figure 3.8.

Buckling is assumed to be restricted to one of two planes, either

xy or xz, which are geometrically equivalent. The foundation is assumed

to be equally stiff in the y and z directions. This assumption imposes

a restriction of transverse isotropy on the polymer. If the total

effect of lateral bonding is summarized as a continuum, then the founda-

tion stiffness in the extension buckling mode is a function of a single

transverse modulus, Et=Ey=Ez; and the stiffness in the shear buckling

mode a function of a single longitudinal shear modulus, G=G xy=Gxz.

In reality each polymer chain will buckle in a manner that simultaneous-

ly minimizes the chain bending strain energy and foundation strain

energy changes.

Rosen postulated that any combination of extension and shear

buckling modes will require more energy and therefore higher loads than

either of these extremes. Therefore the critical load for the
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collection of chains is the lower of the two values predicted for exten-

sion and shear mode buckling.

Following reference [68], any buckled configuration of a chain can

be described by a single series of sine waves. The lateral deflection

of a chain is then:

v(x) = Ya sin n'rx (A3.1)
n

The variation in work due to load P acting on a chain that buckles

into a shape described by (A3.1) was shown in reference [68] to be:

4L2 I n2 an2 (A3.2)

N

The variation in strain energy of a chain that has a bending rigi-

dity kk and that buckles into a shape described by (A3.1) is:

IT4kk 4 a2aUl -4-K n=an (A3.3)

4L n

To complete the equation for equilibrium (3.47), the variation in

strain energy of the foundation ýU2 must be calculated for each of the

two buckling modes.

(a) Extension Mode: For buckling within a plane, the extension

mode configuration can be depicted as shown in Figure A3.1.

The deformation of the foundation is due solely to normal strains

given by:

Ey = 2 (A3.4)

y b
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The strain energy change is:

au e 1 y 0 dV (A3.5)

and for a linear elastic continuum foundation, ay=Etcy, then:

a = 2 f v2 dV (A3.6)

The energy change per chain is therefore:

2E L fb/2 fb/2 2 dzdydx

au2=b 2t =0 -b/2 -b/2
(A3.7)

= 2Et .f v2 dx
0

After substitution of (A3.1):

DU• : EtL Ian2 (A3.8)

The energy balance is given by substitution of (A3.2), (A3.3), and

(A3.8) into (3.47) yielding:

p2 In2a2 = 7r4 k In4 an2 + EtLya2 (A3.9)Sn 4L 2  n n

Solving for P:

pe r2 kk in 4EtL2  a
-L n2 2 + (A3.10)L n 2an2 7 2 In 2 a2

It is shown in reference [68] that ratios of the summations

appearing in (A3.10) are minimized when only one arbitrary coefficient

196



a is used. Therefore:
n

2 4EtL2

pe =_T 2kZL (m2 t 1 (A3.11l

L 7T m

where m=l,2,3,...

The minimum value of P depends on the relative values of kU and

Et. If the foundation is stiff relative to the bending rigidity of the

chain (i e., E t>>k), and the chain is long, then the second term in

equation (A3.11) will dominate and large values of m will be required to

minimize P. For large values of the integer m, it was shown [681 that:

L : (k /4E -4 (A3.12)m t

Substitution of this result into (A3.11) gives the relationship:

pe = 4Vr (A3.13)

cr t

For the packing arrangement shown in Figure 3.8, the compressive

strength estimated for extension mode buckling is then:

pe 4VW
ae cr t (A3.14)
cr A -

where A = b2.

This result is based on the assumption that the integer m (which

corresponds to the number of half sine waves the columns buckle into) is

large. Rearranging (A3.12) to give:

m = L (4Et/k)1 4  (A3.15)
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shows that m will take on large values for long chains and for stiff

foundations as mentioned earlier.

(b) Shear Mode: The shear mode of buckling within a plane is

represented in Figure A3.2. In this case the foundation experiences

only shear deformations, so the strain energy change is given by:

au• ½ Txy Yxy dV (A3.16)

and with Txy : Gxy for a linear elastic continuum foundation:

2 Z xyu .iv (Yxy) 2dv (A3.17)

The linear shear strain is defined by:

Yxy ax ay + (A3.18)

where uy and ux are the displacements in the y- and x-directions, respec-

tively. The displacements uy are the lateral deflections of the buckled

chain. Since these deflections are independent of the y-direction and

since there are no displacements u , (A3.18) reduces to:

duy dv(A3.19)
Yxy dx dx

Substitution into (A3.16) gives:

= G L rb/2 rb/2 (d 2 dzdydx 2
2 2 Gfx=0  -b/2 -b/2 dx

(A3.20)

= Gb 2 fL(d2d
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Substitution of (A3.M) into (A3.20) results in:

s= 7Tb G~n an (A3.21)
n

Substitution of (A3.2), (A3.3) and (A3.21) into the equilibrium

equation (3.47) and minimizing the ratios of the summations as before

leaves:

= 2 (m2) + Gb2 (A3.22)

L

where m is the integer number of half waves of the buckled column. The

critical buckling load is simply:

c = - + Gb2  (A3.23)

Note that the first term in (A3.23) is the buckling load of an un-

supported link-hinge chain, a result derived in Section 3.4. The addi-

tional load required to overcome the support given by the foundation is

proportional to the shear stiffness of the foundation. Because the

minimum load occurs for m=l, the column will buckle in exactly the same

pattern as an unsupported chain: a half sine wave.

For long polymer chains, the first term in (A3.23) can be ne-

glected and the critical load is then:

Pcr = Gb2  (A3.24)

and the corresponding predicted compressive strength is simply:

as = G (A3.25)
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